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ABSTRACT 

A summary is given of significant results obtained during the research 

effort corresponding to the period 1 September 1968 - 30 September 1969. 

Particular emphasis was given to the construction of a phase-path doppler 

sounder array. Signals detected by the microbarograph array on the occa- 

sion of the Chinese nuclear test of 29 September 1969 are compared with 

signals from previous tests. There appears to be a seasonal effect on the 

propagation and/or bandwidth of these signals. Preliminary work on ionospheric 

motion background using phase-path sounder data indicates that the background 

activity can be broadly separated into two period ranges: periods longer and 

shorter than 5 minutes. The shorter periods appear to have a hydromagnetic 

origin while the longer periods are probably due to internal gravity wave 

activity. A study of the spatial coherency of the signal and noise field for 

the array of microbarographs indicated that acoustic signals have coherencies 

well above the background noise at separations greater than 3 or 4 km. The 

signal coherency remains high up to separations of 50 km and transverse 

signal coherencies are larger than parallel signal coherencies as would be 

expectel from long-crested waves. A theoretical investigation of the inter- 

action between instability waves and internal gravity waves in the atmosphere 

showed that internal gravity wavsjs are trapped within a layer where the shear 

flow velocity is greater than the speed of sound and that the phase velocity 

of the internal gravity waves is approximately equal to the maximum velocity 

of the shear flow. As part of the theoretical aspect of signal processing 

two array processing techniques have been developed. 
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1. INTKODUCTION 
» 

In the course of this year's research effort,   the authorü have had 

occasion to make a critical reviev; of the course of the project,  its history, 

previous results, and what they felt to be its future direction.    This apprai- 

sal has led them in some cases to redirect or shift the orientation and 

emphasis of the resparch in the light of previous and ne / results. 

It is pertinent to review the prior history o^ the infrasonics 

program since most of its ilitial principals have departed the scene.    The 

project started in late 1965 at the Hudson Laboratories of Columbia University» 

being funded by ARPA and administered by the Office of Naval Rtsearch.    It is 

our understanding that the underlying purpose of the project was to look for 

the existence of long period  (greater than 10 minutes) gravity waves in the 

atmosphere and to study their possible usefulness in the detection and diagnosis 

of atmospheric nuclear detonations.    The initial phases were devoted to the 

design and construction of suitable sensors which were installed  in remote 

locations about the middle of 1966.      A paper-tape digital data acquistion 

system was installed initially and computer programs for data processing were 

written.    The Chinese atmospheric test of June 1967 gave some encouragement to 

the validity of the concept by a definitive recording.     The data acquisition 

syi ♦-em was later improved so that the output could be written on magnetic tape 

in a form compatible with the subsequent data processing.    Prior to the French 

series of atmospheric tests  in the summer of 1968,  the microbarograph array had 

grown  to some 12  instruments and had an aperture of about 250 kilometers. 

Later a single phase-path doppler ionosonde and a three-component magnetometer 

1-1 
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array were installed.    The magnitude of the arrays brought with it concomitant 

financial outlays in maintenance,  personnel, equipment and telephone rental. 

Also at this time the project used an IBM-1800 computer, having had an 1130 

computer with limited capacity. 

i In April 1968 Columbia University announced the impending closure of 

Hudson Laboratories.    At that time arrangement    were made to transfer the pro- 

1 ject to Teledyne Isotopes as of September 1968.    After a period of shutdown 
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during the tic.nsfer, extended because of the prolonged AT&T strike of 1968. 

the system again became operational at its new location in Westwood.    An IBM 

360/30 modified by software to operate in the 360/44 mode for scientific work 

was installed at Westwood to replace the IBM-1800 computer.    Both the hardware 

and software have proved entirely satisfactory for all requirements of the 

project, and no modification in either is being sought.    The Hudson Laboratories 

computer programs were translated to the IBM-360 language and some new programs 

have been added to the project's computer library. 

During the period  from mid-1966 to the present,  theoretical studies 

and data analyses have been carried on concurrently with the data gathering. 

The results of these analyses and supporting data have betn presented  in various 

technical and quarterly progress reports and may be summarized as follows. 

Definite observations of long period gravity waves have been made in 

conjunction with atmospheric nuclear detonations. 

The pressure signals themselves are rather weak.    The signal-to-noise 

ratio at any particular station is generally less than one.    It  follcvs,  there- 

fore,  that the  signals can only be extracted  from the noise by judicious filtering. 

The data from any station where the noise power is considerably in excess of the 

1-2 
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mean noise power, must be eliminated.    The data must also be filtered with & 

fairly narrow band-pass filter.    Further, the array must be beam steered,  i.e. 

by velocity and directional filtering, and a knowledge of T    is essential tu 

identification. 

Theoretical  studies have shown that a large part of the energy of 

the long period gravity waves, generated by nuclear explosions, will be trapped 

near the "top" of the atmosphere.    Particle motion should therefore be large 

at ionospheric heights and the corresponding pressure fluctuations should be 

small at ground level.    Such behavior appears to be verified by the observa- 

tion of a signal using a phase-path doppler sounder which we believe to be a 

gravity wave generated by the French nuclear detonation of 24 August 1968. 

The signal-to-noise ratio for the observed event-related signal is about 2. 

Since only one ionosonde was in operation, no information could be obtained 

concerning the phase velocity and direction of travel of this wave. 

On Ihe basid of such results we were forced to conclude that micro- 

barographs do not appear to be the best sensors with which to detect long 

period gravity waves for the program's expressed purpose of detection and 

diagnosis.    Furthermore, a comparison of the theoretical response of the 

Teledyne-Isotopes array with that of a number of other arrays such as 10, 

15, and 21-elemcnt isometric arrays and the LAMA array, showed that not much 

improvement could be expected by adding new instruments or changing the geom- 

etry of the present array.    It would appear rather that the phase-path doppler 

ionosonde is perhaps a more effective sensor.    On this premise we considered 

concentrating further effort on the phase-path sounder. 

1-3 
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The phase-path doppler sounder array is only in its initial experi- 

mental phase, and much remains to be explored in relation to optimum transmission 

frequencies, noise and signal levels, and coherence over the array.  Placing 

greater emphasis on the doppler array has introduced a new class of ionospheric- 

phenomena not relevant to ground level pressure measurements. These include, 

for instance, noise associated with solar flares, geomagnetic storms, hydro- 

magnetic modulation of the ionospheric plasma, interaction between neutral 

and ionized components of the upper atmosphere. 

On the occasion of the Chinese nuclear test of 29 September 1969, 

signals coming from the direction of the test site were recorded in the micro- 

barograph array. The analyses of these recordings were carried out in a 

similar way as the signals from previous tests were analyzed at Hudson Labora- 

tories, so a direct comparison between previous results and results from this 

test can be made. 

As part of the phase-path variation studies, preliminary work has 

been done on ionospheric background phenomena. This work has been directed 

mainly to the determination of the type of driving mechanism characterizing 

various period ranges. 

Experimental results at Hudson Laboratories indicated that internal 

gravity waves are associated with the jet stream. It has been suggested that 

these internal waves are generated by a non-linear interaction of instability 

waves. It was therefore desirable to carry out a theoretical study of the 

interaction of instability waves and internal gravity waves. A model which 

neglects compressibility was used to find solutions for this problem. 

1-4 
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Finally the important task concerned with the recognition of signals 

from the noise has been pursued by Dr. M.  Hinich of the Carnegie Mellon Insti- 

tute and Dr. E. Posmentier of Wtw York University, resulting in two array pro- 

cessing techniques- 
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2.       EXPERIMENTAL ATMf   ^HERIC PHYSICS 

2.1    Teledyne Isotopes Array 

2.1.1    Array Geography 

Data for atmospheric-wave propagation studies is collected by an 

array of sensors,  consisting of phase-path doppler sounders, microbarographs 

and magnetometers,  located at the various stations shovm in Figure 2.J   .     The 

geographic coordinates of these stations are listed  in Table 2.1. 

Phase-path doppler sounder array 

A continuous wave 4-element doppler sounder array has been in 

operation during the last months of the contract year.     The transmitter is 

situated at Sterling Forest.     It should be noted that this is the only location 

for which it has been possible thus far to obtain a transmission license from 

the F.CC    The array is licensed to operate at frequencies of 2.4,  4.8,  6.0 

MHz,  although the 4.8 MHz is used for normal routine operation.     Initially 

there was only a single receiver at Westwood,  but now four receiving stations 

(Westwood,  Catskill,  Thornhurst and Lebanon) are in full operation.    With the 

equipment now available,  multiple-frequency measurements at a single station 

are workable as shown in a later section. 

Microbarograph array 

The microbarograph array at present in operation consists of 

ten long period microbarographs in a roughly rectangular configuration.     The 

average spacing of the instruments is approximately 60 kilometers and the 

array aperture is about 240 kilometers.    The aata is transmitted in analog 

form over telephone lines and recorded digitally.     The initial operation of 

2-1 
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TABLE 2 .1 

HELD STATION COORDINATES 

Station 
Latitude 

N 
Longitude 

W 

Sterling Forest, N.Y. 41° 11' SO" 740 14' 40" 

Thomhurst, Pa. 41° 12' 30" 75° 36' 30" 

Catskill, N.Y. 42° 10' 59" 73° 55' 56" 

Lebanon, N.J. 39° 55' 05" 740 31' 18" 

Stony Brook, L.I. 40P 54' 30" 73° 07' 32" 

Lamont (Palisades), N.Y. 41° 00' 19" 73° 54' 28" 

Nauraushaun, N.Y. 41° 03' 26" 73° 59' 35" 

Pawling, N.Y. 41° 33' 45" 73° 36' 04" 

Monticello, N.Y. 41° 39' 24" 740 40' 55" 

Hackettstown, N.J. 40O 51' 07.5" 740 49' 44" 

Wagner College, S.I. 40:> 36' 55" 740 05' 46" 

Westwood, N.J. 40 ^ 59' 00" 740 02' 00" 

2-2 
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Fig. 2.1. Map showing the geographic distribution of the 
stations of the Teledyne Isotopes array. 
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the array, after its transfer to Westwood, was delayed for several months due 

to the lengthy AT&T strike, but data has been gathered continuously since 

January of this year. The instruments have given relatively trouble free 

performance, and apart from routine maintenance no repairs have been necessary. 

This aspect has been particularly gratifying since it encourages the belief 

that the microbarographs could continue operating with minimum maintenance in 

the coming year. 

Magnetometer Array 

Three 3-component magnetometers, located at Catskill, Thorn- 

hurst and Lebanon, have also been in operation. The equipment has proved 

very reliable, requiring almost no maintenance. No development of any kind 

has been made on this equipment in the past year, and the data collected has 

proved very useful in the study of ionospheric background motions. 

2.1.2 Array Logistics and Instrumentation 

Logistics 

The three major field stations are located in isolated areas, 

free of electrical interference, on state owned lands in New York, Pennsylvania 

and New Jersey. Trailers house the phase-path doppler sounders, microbaro- 

graphs, magnetometers and the required digitizing electronics. These three 

field stations are linked by telephone lint to the master control station at 

Westwood, N. J., where the incoming data is processed and stored on incremental 

digital magi.etic tape. A fourth station identical to the ones mentioned above, 

except for the telephone link, is hard wired to the master station at Westwood, 

N. J. 
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In addition to the four major field stations, seven auxiliary 

sensor stations consisting of a single microbarograph and telemetering 

electronics are housed in municipal buildings such as fire houses, schools, 

etc. These seven auxiliary stations transmit their data in FM analog form 

by telephone lines to the nearest field station for digitization. 

Instrumentation 

Phase-path doppler sounder 

The high frequency continuous wave doppler array consists 

of a transmitter and four receiver stations. The doppler systems have been 

built after Davies (1962) with some modifications to meet our specifications. 

The transmitter is simple and reliable.  It is a Heathkit DX-60B 

transmitter modified for continuous operation and increased tuning range. 

Frequency stability is controlled by a precise crystal oscillator stable to 

g 
1 part in 10 per 24 hours. A single dipole antenna, an automatic keyer and 

a telephone line control link complete the transmitter system. Figure 2.2 

shows the simplified block diagram of the doppler system. 

A doppler receiving system consists of two receivers: a signal 

receiver and a reference receiver. The signal receiver is a Hammarlund SP600 

which receives the transmitted signal after reflection from the ionosphere. 

The reference receiver is an in-house design. A brief description of the 

principle of operation of the receiving system follows. 

The received ionospheric signal is converted to an intermediate 

frequency which becomes the LF. signal (455 KHz ±Af) in the signal receiver. 

The reference signal, which comes Irom a precision crystal oscillator 

identical to the one used at the transmitter, is converted to an intermediate 

2-5 
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frequency (I.F. reference 455 KHz) in the BM7 mixer, which is slaved to the 

HFO (Local Oscillator) of the signal receiver. The difference between the 

I.F. signal and I.F. reference is equal to the doppler frequency. This 

difference is obtained in the BM9 mixer.  Iii practice the rcforence frequency 

of the transmitter and of the reference receiver are offset by 2 or 3 Hz to 

allow for a decrease in the doppler frequency. The difference frequency, 

which is in the order of a few Hz, is amplified and converted into a DC volt- 

age in the vidar 323 frequency to voltage converter. The output of the f/V 

converter is then passed through a low pass RC filter with a time constant 

T - RC, prior to digitization. That is, each digitized point represents the 

time average 

.w-U 
,t+T 

E.(t)dt . (2.1) 

The time constant T has been selected, according to the sampling rate, to 

minimize aliasing effects. During routine operations a sampling rate of 10 

seconds is used. 

The general specifications of the pbase-path doppler system are 

given below. 

Signal Receiver - llammarlund SP bOO 

Frequency band of interest   1.35 to 7.4 MHz 

Selectivity 
I.F. crystal fitter 

Sensitivity 

200 Hz 

1 »iV 
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Reference Receiver - in house design 

Input frequeucy range      0.05 MHz to 12 MHz 

Output frequency range     1 KHz to 1 MHz 

Maximum input level        i V RMS 

Stability is referenced tu precision crystal 
oscillator 1 part in lO^/day 

Mixer - Spectran Balanced Ring Modulator S5-3M9 

Input frequency range      5 KHz to 500 KHz 

Output frequency range     0 to 495 KHz 

Input levels 1 V RMS 

System Noise Level and Stability 

The system noise level is taken to be 0.1 Hz. The 

results of a test to measure sj'Stem noise are shown in Figure 2.3. To per- 

form this test the input was shorted and the output was recorded for several 

days.  It can be seen that over any 1-hour interval the signal deviates from 

its mean by an amount less than or equal to 0.02 Hz and that the signal drift 

over any 24-hour interval is approximately 0.08 Hz. The stability of the 

system is given by the stability of the precision oscillator which is 1 part 

in 10° per 24 hours plus the internal noise or about 1 part in 10 . 

Microbarographs 

Initially the gain and bandwidth of each microbarograph 

were adjusted to meet selected values for a given input pressure change. Then 

two or more microbarographs were set to measure simultaneously an atmospheric 

signal at the same location for a 24-hour period and their outputs were 

recorded in different channels of the tape. Cross-spectrum analysis was 

applied to the digital records of the different pairs tested.  In this way 

the coherence and phase response of each instrument were obtained. 

2-8 
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The microbarographs were developed and built at Hudson Laboratories 

of Columbia University, and they have been described by Clay and Kraft (1967). 

Brief specifications are listed below. 

Frequency response 

Sensitivity 

Range 

Flat from 1 cph to 180 cph 

3 |ibar 

2500 jibar 

Magnetometers 

Two kinds of magnetometers are used, rubidium vapor Varian 

model 4938 and Fluxgate Honeywell model YK 10BI. 

Rubidium magnetometer 

Frequency response 

Sensitivity 

d.c. to 20 Hz 

+0.01 gammas 

Fluxgate magnetometer 

Frequency response 

Sensitivity 

d.c. to 10 Hz 

+ 0.1 gammas 

2.1.3 Array Response Calculations 

A number of calculations were undertaken to compare the theoretical 

response of the Isotopes array with that of a number of other arrays; a 10-element 

isometric array, a 15-element isometric array, a 21-element isometric array and 

the LAMA (Large Aperture Microbarograph Array) array. The isometric arrays have 

been discussed by Haubrich (1968) and would appear to have a good theoretical 

response. The spatial arrangement of the sensors in the Isometric arrays is 

given by Haubrich and the aperture was chosen to be 225 km so that it would be 

comparable with the Isotopes and LAMA arrays. 

2-10 
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The  response function  is,  of course,  .just the  Fourier transform of the 

array, which is represented by a set of delta functions, one at each instrument 

position.    Tims  if    r ,    n -   1,2,...,    N are the positions of the  instruments, 

then, 

K(k)      ffz        I        K^)     fi^-V)     r^*'   e-^f/A (2.2) 
JJ n   1     m  I n m 

"> N N ik.(r    r   ) 
K(k) C        E       e k UrrV   ' (2.3) 

it   I     in   I 

is the  response function of the array.       This  Is .iutit the response to a wave 

of infinite waveien^th.    Since one  is interested in the  response to a wave of 

finite   length  incident from a given direction,  i.e., to a wave of wave number 
■A 
k , the function calculated wa.^ 
o 

K (tfy   E  E   e^^V^vO (2.4) 
n I m I 

In all tlie calculation the response  function was normal ized byK(u) wliich 

can be shown to be 

K (u) N2,     if N  is odd, (2-5) 

K (u) N(NH),     If N   is even. 

Therefore the   function plotted  in  the  figures   is 

H(k-ko)   3     K(k-ko)/K(u)     . (2i6) 

I Figures 2.4 through 2.8 show the  spatial  arrangement of the  Isotopes, 

I 
i 
I 

IAMA, and three  isoinütric arrays.     For purpos-ps of illustration the array 

2-16 
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response function has been calculated  for an incoming wave coining from 225° 

(southwest).     There  is nothing special about this direction.    The   results are 

repi-esentative of other directions of wave  incidence as well. 

In all  the calculations reported below 

m K\ 
The azimuth is direction in which the array was steered, i.e., the direction 

of k . 

Figures 2.9 thro'igh 2.12 show the response of the three isometric 

arrays for wavelengths of 60, .100, 200 and 300 kilometers. These show, as 

could be expected, that the main lobe widens as the wavelength is increased; 

that there are a number of side lobes, the largest about 0.25 and U.30, and 

that the 21-element isometric array has the lowest side lobes for a given 

wavelength. 

Figures 2.13through 2.16show tho response of the 21-element isome- 

tric array, the LAMA array (20 elements) and the Isotopes array (10 elements) 

for wavelengths of 60, 100, 200, and 300 kilometers. These show that all of 

these arrays have main lobes of comparable width and comparable sidf lobes. 

From an examination of the results of these calculations one can 

conclude that, at least for wavelengths between oU and 300 km, the response of 

the Isotopes array (10 instruments) is very similar to that of the LAMA array 

(20 instruments) and that of a 21-inslrument isometric array. It therefore 

follows that not much improvement in array response could bo expected by adding 

new instruments or changing the spatial arrangement of the present array.  It 

was therefore decided to leave the Isotopes array unchanged. 

;-17 
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2.2    Evenl-ReJalt.'d  Pftenoraeng 

2.2.1    Atreoapheric MucIoa r Teats 

During lh>: operation of the Tflcdvnc Isotopes array« atmospheric 

effects due to the Chinese themonuclear explosion of 2(' September L969 were 

detected - 

a) A  signal   with  periods  between  2  and   5 minutes  arrived  at   about 

1830 G M.T.     Beamforming analyses  gave a phase velocity of 

320 _+  20 m/sec  and an azimulh of arrival   of  10°,   that   is.   travell- 

ing along  the  short   great   circle  path  from  the Lop Mor test   site  to 

1 he anvn . 

b) At about   0018  C.M.T.   on  30 September   L969,  a wave  train  having 

periods between   12 and   18 minutes was observed.     The direction 

of arrival   resulting  from tlie  beamforming analyses was about 

180°.   that   Is    coming   from  the  south  bj   the   long great  circle 

path,  with a  pha«e  velocity of $#0 ^  20 m/sec 

The zero time computed   from  the  short   period   12 -   5 min)  arrival   was  08:60 

G.M.G.  + 20 minutes.     The group velocity   for the   long period  (12  -   18 min) 

computed   from  the  arrivaJ   time was   540   *   20  m/sec. 

The  signal   to noise   ratio   is   Low   in  both  ranges as  has been   reported 

earlier by Tolstoy   M(>e7.   I'''IH).     Tims,   filtering and  beamforming were necess- 

ary  to extract   the  signal   from  the  background.     rillering of the   time   series 

was carried out   by   transformitig  them  into  the   frequency domain with, a   fast 

Fourier transform:   the coefficients of the unwanted  frequencies were set equal 

to zero, and  the   remaining  Fourier terms were  transformed back to the time domain. 

Prior to beamforming the data were passed  through a :'. -  5 minute filter 

in  the case  of Che  short   period  arrival   and  a   12 -   L8  minute   filter  for the   long 

period arrival.       These   filters gave  the  sharpest  beamforming  results (Figures 

2.17  and  2.18) 
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The beamfonning for the short period show a Jarge side lobe.  This 

siüe lobe appears to be a characteristic of the array as suggested by Figure 2.]9 

which is the theoretical array response function for a wavelength equal to 72 km 

corresponding to a period of 4 minutes and a phase velocity of 300 m/sec. 

The longer period beamforming sh(.^s a broad response but there are no 

side lobes. The theoreticaJ response for the long period shows the same charac- 

teristics, 

A more quantitative picture can be obtained by calculating for each 

direction a quantity which is proportional to the average power 

(2.7) 

where p is the sum of the amplitudes of the signals delayed according to an 

assumed phase velocity, and divided by the number of elements of the array. 

Figure 2.20shows the result of applying this technique to the time interval 

1830 - 1850 Z for an assumed phase velocity of 300 m/sec.  If one lets the 

phase velocity vary in the range V. < V < V_ one obtains Figure 2.2J  which 

is the perspective view of a three-dimensional surface.  The value of P in 

this figure is along the i    axis; the phase velocity along the y axis, and 

the direction of arrival along the x axis. 

Application of this method to the time intervals 1810 - 1830 G.M.T. 

(prior to the arrival), 1830 - 1850 G.M.T. (containing the signal); and 1850 - 

19.10 G.M.T. (after the arrival) permits a comparison between the background and 

the signal for the short period arrLval (Figure 2.22).  If we now pick up the 

phase velocity for which P shows the maximum, and the procedure is applied to 

overlapping time intervals, a time history of the average power as it crosses 

2-29 
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the array is obtained.  Figure 2.23 dispJays the perspective view of the surface 

(P(9,t) for a phase velocity of 300 m/sec and a bandpass filter of 3-5 minutes, 

that is, for wavelengths between 54 and 90 km and covering the time interval 

1750 - 1910 G.M.T.  The integration window was 20 minutes long and the overlapp- 

ing was 18 minutes. 

Figure 2.24 shows the result of applying Ihe above procedure to the 

long period arrival for a phase velocity of 540 m/sec and a bandpass filter 

of 12 - 18 minutes.  The integration window in this case was 60 minutes and the 

overlapping was 54 minutes. 

The amplitude of the pressure fluctuation of the long period wave 

was 52 ybars (peak to trough).  The short period wave had an amplitude of 

24 ixbars (peak to trough). 

A comparison between these observations and the observations of 

Tolstoy of the nuclear events of Lop Nor on 17 June 1967 and the French test 

in the South Pacific on 24 August 1968 (Table 2.2) permits us to draw some 

conclusions: 

i) Short period waves.  Those waves arrive with group velocities of the order 

of 300 m/sec.  The center frequency of the three events listed in the table 

takes different values in each case.  These values range from 0.ÜÜ2 Hz (8 minutes) 

to 0.0067 llz  (2.5 minutes); that is, the bandwidth of these arrivals is 

0.00167 Hz - 0.0167 Hz or 1 minute - 10 minutes. The average phase velocities 

are 300 + 10 m/sec and the wavelengths range from J8 km to 180 km.  The arrival 

corresponding to the long great circel path cannot be recognized. 

ii) Long period waves. The group velocities of these waves are of the order 

of 550 m/sec and the phase velocities of the order of 570 + 30 m/sec. The cen- 

ter frequencies also vary from event to event as in the short period case.  For 
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the three events compared the center frequencies are:  3.64 CPM (lo.S minutes), 

4.62 CPM (13 minutes),  and 4.0 CPM (15 minutes)  respectively.     The bandwidths 

go from 0.000925 Hz to 0.00138 Hz (18 minutes -  12 minutes).    Normally both 

the short and the long great circle path arrivals can be identified.     However, 

the short great circle path arrival corresponding to the 29 September  1969 

explosion could not be extracted from the background while the long-path 

arrival required very little filtering before it could be identified. 

iii)    It is interesting to know that the energy of the explosion cari be  propa- 

gated  in such a wide  range of periods.     It  is aJso important: to notice  that 

the events compared may be telling us something about the variation of the 

structure due to seasonal  change.    In other words,  the events occurred during 

late spring, mid-summer and early fall respectively. 

iv)    The lack of short-path arrival for the event of 29 September 1969 could 

probabJy be explained by the interaction of a wind structure with the travell- 

ing wave as it propagated through the polar regions in the northern hemi- 

sphere. 

TABLE    2.2 

17 June 1967 24 August ;i968 29 Sept 1 969 

Short 
Period 

Long 
Period 

Short             Long 
Period           Period 

Short 
Period 

Long 
Period 

Range Range Range             Range Range Range 

Period 
T (min) 

5-10 16-18 2-3               12-14 2-5 12-18 

Phase Velocity 
V (m/sec) 

300+10 600+20 300             550+20 300+10 540+20 

Group Velocity 
U  (m/sec) 

300 550 300                550 300 540 
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2.2.2    SATURN-APOLLO IX Associated Signals 

During February a 6.03 MHz doppler transmitter ma installed at 

Sterling Forest.    This signal is reflected at a higher altitude than the 4.8 

MHz  signal.    Both the 6.03 MHz and 4.8 MHz doppler ionosounders recorded an 

interesting phenomenon at the time of the APOLLO  IX launch on March 3.    The 

raw data from the 4.8 MHz and 6.03 MHz doppler are shown on Figure   2.25. 

The vertical scale is 1.0 Hz/inch and the horizontal  scale is 10 min/inch. 

The sample rate was 10 points/minute.    The starting time for the data shown 

in Figure 2.25   is 16:13:30 GMT on 3 March 1969.     Tt would appear that between 

17:00 and 17:10 there  is definite change  in the character of the signal on 

both channels. 

The raw data was passed through a bandpass  (0.2 to 2.0 cycies/min) 

digital filter.    The filtered data for the 4.8 MHz and 6.03 MHz doppiers arc 

plotted in Figure 2.26.    The change in the character of the signals  is even 

more apparent on these plots.    This change takes place between 17:05 and  17:15. 

The amplitude of the oscillations increases and the average period decreases 

to about 1 to 2 minutes.    This change lasts  for about 40 minutes. 

Cape Kennedy is approximately 1500 kilometers from Westwood.     For 

a signal travelling at a speed of 500 m/sec,  the travel time is about  50 

minutes.    It is therefore possible that this signal is an acoustic-gravity 

wave which was generated at the SATURN-APOLLO IX launch and is now propagating 

in the atmosphere.    Since the planned doppler array is not yet functioning it 

is impossible to determine the direction from which the signal came. 

Signals with the same characteristics as described above were 

recorded during the SATURN-APOLLO XII launch on 14 November 1969.    At that 
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time the phase-path sounder array consisted of four elements at 4.8 MHz and 

one element at 6.03 MHz. The direction of arrival obtained from the array 

analyses was about 170o measured CW from geographic north. This confirms our 

early hypothesis about the origin of the signals on 3 March 1969. 

2.2.3 Correlation of Atmospheric Pressure Waves with Ionospheric 
Phase-path Sounder Signals  

During the summer of 1968, Hudson Laboratories of Columbia Univer- 

sity was operating, north of New York City, a large aperture (several hundred 

kilometer) microbarograph array for the study of long-period atmospheric 

pressure waves. The array (described by Herron et al., 1969) was recording 

data throughout the interval during which there were five high energy 

disturbances in the South Pacific.  In the latter part of the summer, a 

vertical incidence ionospheric doppler sounder was installed at the center 

of the array and was recording during the event of 24 August 1968. The 

doppler sounder measured the rate of change of vertical motion of electrons 

in the ionosphere. A cw signal (4.8 MHz) was transmitted from the Sterling 

station and was received at Hudson Laboratories, 36 km distant, after having 

been reflected from the lower F region of the ionosphere at nearly vertical 

incidence. 

After the project was transferred to Teledyne Isotopes the analysis 

of the data was continued and the principal findings are described below. 

Pressure signals 

Tolstoy and Herron (1970) have reported the existence of long- 

period (10-25 min), high-velocity (600 m sec ) atmospheric pressure signals 

identified as surface gravity waves. Generated by high energy event's and 

detectable, thus far, only through the signal-to-noise enhancement of array 
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processing techniques, the waves have been observed travelling the short and 

long great-circle paths away from the sites of the events. The pressure signaJ 

arrived from an azimuth of 230° at about 2300Z on 24 August 1968. 

Phase-path sounder signals 

At the time at which the pressure signal was identified, the 

phase-path records showed a group of sinusoidal oscillations with periods 

between 10-15 minutes. 

Figure 2.27 shows the delayed and summed pressure trace for 

230° azimuth above the filtered phase-path doppler signal. 

Several days of phase-path sounder records before and after the 

arrival were bandpass-filtered (Figure 2.28). It must be noted that the signal 

at 2300Z on 24 August 1968 has the largest amplitude. 

It is suggested here that the observed phase-path variation is 

the result of vertical changes, in the reflecting region of the ionosphere, due 

to the passage of the atmospheric gravity wave generated by the nuclear event 

at the South Pacific test site. The estimated displacement of the ionization 

was of the order of 5 km peak to trough. 

2.3  Background Fi Id 

2.3.1 Ionospheric Background Motions - Relevance to Noise Field Phenomena 

This section is directed to the study of ionospheric motions with 

time scales of the order of minutes. The observations have been made with phase- 

path doppler sounders which respond to vertical motions of ionization. 

The importance of this study rests on the information that can be 

obtained about the background of ionospheric motions with respect to the driv- 

ing mechanism and to the variations of the structure. From the theoretical 

point of view it is interesting because it provides the orders of magnitude of 
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the motions characterizing the background.    The variation of the structure  is 

an important clue to the arrival of atmospheric waves originating  in nuclear 

detonations.    From the point of view of communications thi.s knowledge  is 

necessary in applications sucli as over-the-horizon radars which depend on 

reflections from the ionosphere for the detection of missiles and aircraft. 

Although several mechanisms may contribute to the motion of electrons 

in the  ionosphere,  two broad categories can be distinguished,     a) Those caused 

by electrodynamic forces such as hydromagnetic waves, plasma  instabilities, 

and electric fields,    b) Those caused by motion of the neutral   (un-ionized) 

component of the atmosphere (winds,  turbulence,  gravity waves), and coupled to 

electron density perturbations. 

Two types of observations are discussed in this section.    One type 

requires a hydromagnetic wave interpretation and thus belongs to the  first 

category.    The other type can be explained as   interaction of atmospheric 

gravity waves with ionization and therefore  it belongs to the second category. 

Mid-latitude ionospheric characteristics 

The  ionosphere extends upwards  from 60 to 500 km.     The levels 

below 'JO km constitute the ionospheric D region.    Between 90 km and 130 km is 

the L region where a well-defined layer of ionization is formed during normal 

daytime conditions.    Above 130 km two layers,  fl and F2, are formed during 

daytime hours; this region is called the F region.    The  ionization density 

normally reaches a peak in the F region, at heights of 250 to 50(j km.    These 

heights are of course average heights since they vary with solar time and 

geomagnetic location.    The ionization of the D, E and F layers is produced 

mainly by the UV radiation from the sun and disappears at sunset due to rapid 
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recombination rates. The F2 layer is produced partly by photoioniz«tIon and 

partly by collision of neutral particles with energetic particles. The 

recombination rates are slow and consequently this layer is present through 

the night- 

The composition of the ionosphere varies from layer to layer. Thus 

the D region is characterized by dominant ions of N,, and 0,,. At. E region 

heights 09 ions appear to be dominant; although the abundance of N., is about 

+ + 
the same as 0,. the high recombination rate of N,, removes the N,, ions as 

rapidly as they are produced. The dominant ion at ]' region levels below 600 

km is 0 , although a very small fraction of the ions present are 0., and N« 

ions. 

In the D and E regions collisions of electrons with neutral particles 

predominate.    This is not necessarily the case  in the F region, where for most 

purposes, the important collisions are between ions and neutral particles. 

Mid-latitude geomagnetic fluctuations 

Rapid magnetic variations, with time scales varying  from a  few 

tenths oi" a second to many hours, and amplitude scal^ti  varying  from a  few 

hundredths to a few tens of gammas, art  observed.    The larger amplitudes 

correspond to the longer period fluctuations.    Geomagnetic micropulsations 

are classified according to their character and  frequency content (Jacobs et 

al., 1964).    From experimental observations two main classes are recognized: 

those with a regular and continuous character, and those with an irregular and 

impulsive pattern.    They are divided in sub-groups according to their periods. 

The regular cla^s was divided  into five period ranges and designated Pel 

through Pc5.    The irregular class was divided  into two period ranges and given 

the designation Pil and Pi2. 
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Notation 

Pel 

Pc2 

Pc3 

Pc4 

Pc5 

Pil 

Pi2 

Period Range,  gscondi 

0.2 to 5 

5 to JO 

10 to 45 

45 to 150 

150 to 600 

1 to 40 

40 to 150 

It must be pointed out that this classification is a guide rather 

than a clear-cut distinction. 

Geomagnetic micropulsations are measured with a variety of instru- 

ments:    nuclear resonance magnetometers,  fluxgate magnetometers,   induction 

coils, earth-current meters. 

Each type of micropulsation shows different diurnal and seasonal 

variations,  thus Pc activity shows a maximui near noontime and a minimum 

during winter months.    Pi activity has a maximum at midnight hours but does 

not show a definite seasonal variation, although some suggestions of an 

equinox maxima have been made. 

Previous ubsorvatiqns of iunospheric motions 

In order to put the studies carried out under this contract in 

proper perspective,  it is necessary to review briefly the previous observa- 

tions of ionospheric disturbances. 

As early as 1950, Munro in Australia considered thai travelling 

disturbances in the ionosphere were associated with disturbances  in the 

neutral atmosphere.    Martyn (1950) interpreted the wave-like mulions observed 

by Munro (1950) as produced by internal atmospheric gravity waves tliat provided 

continuously rotating cells,  of neutral gas,   in the F region:    the cells were 
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moved horizontally by a wind motion.    This  idea was however abandoned because 

of the direction of motion required by the model.     In the following years 

other mechanisms  involving the effects of dominant electric fields or hydro- 

magnetic waves were proposed (Martyn,  1955; Dungey, 1955). 

By the end of the 1950's several causes of ionospheric  irregulari- 

ties were suggested.    Some of the principal ones were:    variability in 

ionization rates, mixing by air currents,  recombination and diffusion by 

winds, hydromagnetic waves, turbulence, gravity waves.    Although it was 

recognized that fluid motions in the atmosphere played an important  role,  the 

detailed nature of this role was a matter of considerable controversy. 

In 1957 at the URSI General Assembly it was decided that a joint 

study by a group of ionospheric physicists and fluid dynamists would prove 

worthwhile.    A symposium was then organized  in which several driving mechanisms 

were discussed.     Some of the conclusions of the symposium were  (Bulgiano, 

1959): 

1) Turbulence  is a common occurrence  in the  ionosphere, at  least to an 

altitude of 100 km.    This was established from the rate of diffusion 

of visible meteor trails, which is several  orders of magnitude higher 

than that attributable to molecular diffusion alone. 

2) The large-scale anisotropic motions are not adequately described by 

the theory of turbulence.    The bulk of the energy probably resides  in 

motions more properly classed as semi-coherent winds:  random gravity 

waves,  thermal winds.    The intensity of fully developed turbulence 

may be no more than 1 percent of the total energy. 

3) The earth's magnetic field has negligible direct effect on turbulence 

but may affect  it indirectly via the dynamo action. 

4) Hydromagnetic effects probably account for a number of ionospheric 

phenomena. 
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In 1960 Mines published a paper in which he explained the wind 

structures revealed by the meteor trail observations oi' LiLler and Whipple 

(1954) and Greenhow and Neui'eld  (1959) in terms of internal atmospheric gravity 

waves; he further suggested that observations of drift of radio diffraction 

patterns produced by moving  irregularities, and travelling   ionospheric disturb- 

ances could also be explained by these waves.    Dieminger and Kohl (i(*62) 

suggested that the 500 m/sec velocity found in their observations were sound 

waves travelling  in the  ionosphere,  where the  speed  of sound  is higher.     Mines 

(1964) pointed out that  internal gravity waves can account for a wide variety 

of mid-latitude irregularities,  suggesting that the observed propagation to 

long distances without attenuation was probably due to ducting.    Wickersham 

(1965) interpreted the natural travelling ionospheric disturbances, observed 

by Munro (1958) and others,as ducted acoustic-gravity waves.    The ionospheric 

effects associated with the Alaskan earthquake  in 1964,  observed by Davies and 

Baker (1965), were explained by Row (1967) as gravity waves.    Georges (1967) 

examined single-frequency vertical incidence CW phase-path doppler data from 

Boulder with regard to spectral characteristics; he  suggests that the longer- 

period frequency fluctuations may be due to the  interaction of superimpose« 

gravity waves with the  ionosphere and that the diurnal variation of the 

dominant period is an observational selection due to the change in radio 

reflection height«    Titheridge  (1968) interpreted his observations in terms 

of gravity waves, pointing out that the periods of the disturbances were near 

the period of thermobaric resonance.    Klostermeyer (1969) suggested,  from 

observations of atmospheric gravity waves in ionosonde records, that the 

source of the waves was  in the troposphere.    Herren and Montes (1970) have 
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explained their observation of a doppler signal connected with the high energy 

event of 24 August 1968 as a surface gravity wave mode. Thome and Rao (1969) 

concluded from their observations of TIDs over Puerto Rico, that the principal 

effect of the gravity wave motion of the neutral gas is to impart its motion, 

parallel to the earth's magnetic field, to the ions through collisional inter- 

action, and that as a result of the interplay of a number of factors, certain 

Fourier components of the permitted gravity wave spectrum are more effective 

than others in producing the disturbances. 

Previous observations of phase-path variations associated with 
geomagnetic activity  

Rishbeth and Garriot (1964) discussed two possible mechanisms 

for the association of phase-path fluctuations and geomagnetic micropulsations 

found by Chan et al. (1962). The first mechanism consists of a hydromagnetic 

wave travelling along the geomagnetic field lines, which are distorted into 

a sinusoidal form; the wavelengths of the displacements are greater than the 

vertical extent of the ionosphere. The second mechanism considers that the 

micropulsations are due to alternating electromotive forces generated by the 

dynamo action of the oscillations of the neutral gas. Unfortunately the iono- 

spheric data of Chan was taken at oblique incidence including several hops of 

rhe HF propagation paths; also the distance between reflection points and 

magnetometers was greater than 1000 km and they could not distinguish between 

the two effects. Jacobs and Watanabe (1966) made a more detailed treatment of 

the alternating current model. They concluded that, on those occasions where 

doppler shifts of about 1 Hz corresponding to geomagnetic micropulsations with 

periods of 50 to 90 sec and magnitudes of 5 to 10 gammas, the micropulsations 

could not be generated by alternating ionospheric currents. Boyd and Duffus 

2-50 



Teledyne Isotopes 

I 
I 
I 
I 
I 
1 
I 

t 
[ 

(1969) designed an extensive experiment to observe ionospheric motions asso- 

ciated with geomagnetic micropulsations; unfortunately they failed to do any 

cross-spectral analyses of the records, thus phase and coherence information 

were not obtained by these workers, and their conclusion was that the two 

most likely mechanisms for the association of micropulsations and phase-path 

fluctuations were: (i) hydromagnetic waves and (ii) neutral-gas waves 

modulating ionospheric electrojcts. 

Simultaneous observations of phase-path and magnetic variations 

During the month of August 1968, as part of the atmospheric wave 

propagation program of Hudson Laboratories of Columbia University, a three- 

station 3-component array of magnetometers was operated in conjunction with a 

vertical incidence phase-path doppler sounder, and an array of twelve micro- 

barographs described by Herron et al- (1969). The distribution of the stations 

is shown in Figure 2.J. The operation of the array continued during the month 

of September afte." the project was transferred to Teledyne Isotopt d. 

The frequency used in the doppler sounder was 4.824 MHz. The average 

reflection height for this frequency is of the order of 150 km during daytime 

hours and 200 km during nighttime hours. The transmitter was located at Ster- 

ling Forest, and the receiver at Dobbs Ferry, New York. The .suparation between 

these two locations was about 36 km; for a reflection height of 200 km the 

angle of incidence would be in the order of 5 degrees. For all practical 

purposes wu could assume that the operation was at vertical incidence. The 

ground wave Wae conveniently eliminated by the orientation of the antennas and 

the shielding effect of the Ramapo Mountains which are located between the 

transmitting and receiving sites. The sampling rate was 10 seconds; the analog 
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signal was passed through a 10-second low pass RC filter prior to digitization 

to avoid aliasing effects. 

Boyd and Duffus (1969) reported previous observations of this sort. 

However there were some unanswered questions related to the mechanism causing 

the coupling between the magnetic micropulsations and the phase-path changes. 

Having microbarographic data available as well as an array of magnetometers, 

we thought that these questions could be answered. 

Data analysis 

During the period of recording we found 16 events (see Table 2.3) 

in which an almost peak-to-peak correlation between magnetometer and doppler 

data exists. Note that the times of occurrence are before or near local mid- 

night. The results of the analyses of a typical signal are described in this 

report. Typical amplitudes are 1 Hz for the doppler signal and 1 to 2 gammas 

for the magnetic signals. 

Power and cross-spectrum analyses using the method of Blackman and 

Tuckey (1959) were applied to the doppler and magnetic signals. The estimates 

of the power and cross spectral densities are given by the Fourier transform 

of the auto and cross-correlation functions respectively. 

(2.S5 Pll(u,) '    2^ 
•1U)T 

P1](T; e   dr 

f12M 
2TT 

P12(T) e 
lu,TdT - Co(u)) + o Quad(db (2.9) 

where 
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Date 

8/27/68 

8/27/68 

8/31/68 

9/ 2/68 

9/ 3/68 

9/ 4/68 

9/ 5/68 

9/17/68 

9/17/68 

9/18/68 

9/18/68 

9/19/68 

9/21/68 

9/26/68 

9/27/68 

9/29/68 

TABLE 2.3 

Events Recorded 

Universal Time 

0300 - 0600 

0930 - 1000 

0315 - 0415 

0557 - 0657 

0143 - 0243 

0245 - 0345 

0130 - 0215 

0105 - 0230 

0400 - 0422 

0415 - 0515 

2348 - 0010 

0345 - 0355 

0420 - 0540 

0835 - 1035 

0350 - 0580 

0100 - 0300 
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T/2 
lim      i       f 

Pll(T)    =    T- -   1     J fl(t)  f/t+T)dt (2-10) 
-T/2 

T/2 

L p12(-) - T-m- i  J     fi(t) f2(t+T)dt (2'1:L) 

-T/2 

I 
D 
I 
D 
I 

and f,(t) and f2(t) are the two time series under analyses. 

Prior to the power and cross-spectral analyses the data was passed 

through a pre-whitening filter which consisted of a simple derivative filter. 

The smoothed spectral estimates were obtained using a "hanning window" and 

10% lags. All filters used in the process, including the electric filters of 

the data acquisition system, were restored. 

The coherency estimates were found from 

where |Y(iu))| - magnitude of the complex coherency. 

Another feature worthy of study is the phase relationship. The 

cross-spectral analyses give the phase information in the form 

AeU) « 92U)    -    e^U)) - tan'1  { g^y } (2.18) 

where 

0^(1))    -    phase of time series f,(t) (2.i4v 

G^Cou)    =    phase of time series f«(t) (2.J5) 

In the cross-srectrum figures the names  identifying the two time 

series under analysis are printed at the top of the figure.    The starting and 
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ending times are written next. The coherence is plotted in a linear scale 

from 0 to 1. The phase is indicated by two square symbols joined by a verti- 

cal line; the length of the line is the 90% confidence limit for the phase 

angles. When no vertical line is drawn and only one square symbol appears 

the confidence limit has exceeded 180 degrees and the symbol is drawn at the 

value of the phase given by the analysis. The curves in the lower part of the 

figure represent the power spectrum of each time series. The power spectrum 

levels have been multiplied by the center frequency of the band in which the 

spectral estimate is calculated. The continuous curve corresponds to the time 

series whose identification name is listed first, and the curve with the 

crosses corresponds to the second time series. Each cross represents a fre- 

quency band. 

A typical event is shown. 

Event of 21 September 1968 

The records for the time interval 0320Z-055UZ, corresponding to 

the three magnetometers at Gatskill and the phtse-path doppJer sounder, are 

shown in Figure 2.29. The records for Thoirnhurst and Lebanon are practically 

identical. 

A group of pulsations starting at about 0420Z and lasting until Ü540Z 

can be correlated in all the traces; this is better shown in Figure 2.30    which 

represents the same traces filtered with a Fourier band-pass filter (0.5 min - 

3.5 min). 

The power spectral results for three consecutive windows of three 

hours each indicated that at the time of the event,, there is an increase in the 

energy density of the doppler fluctuations and of the geomagnetic micropulsa- 

tions. This increase in the energy density is about an orcer of magiiLtude and 
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it is mainly confined in the frequency band 0.008 Hz - 0.018 Hz and it drops 

after the event, Figure 2.31. Each trace has been shifted one unit in the 

vertical scale to avoid superposition. 

Cross-spectral analyses have been applied to the pairs: NS 

Catskill - doppler; EW Catskill - doppler; EW Gatskill - NS Gatskill; Rb 

Catskill - doppler; NS Catskill - Rb Catskill; EW Catskill - EW Thornhurst; 

NS Catskill - NS Thornhurst; EW Catskill - Rb Catskill; EW Catskill - EW 

Lebanon; EW Lebanon - EW Thornhurst. The results are shown in figures 2.32 

through 2.41, and they will be discussed in terms of power, coherence, and 

phase separately. 

Coherence. The coherence between magnetic components, of the same 

polarization, at different stations is in general high throughout the fre- 

quency range covered by the cross-spectral analyses (Figures 2.37 and 2.40). 

The pair NS Gatskill - doppler showed high coherence (> 0.8) in the 

frequency band corresponding to periods between 1 and 2 minutes (Figure 2.32) 

The coherence fc.r the EW Catskill - doppler pair was rather low, except at 

the frequency corresponding to 1 minute period where it reaches a value of 

about 0.6 (Figure 2.33).  The Rb Catskill - doppler pair followed closely the 

results for the NS Catskill - doppler pair (Figure2.35).  The same relation- 

ship holds between the magnetic components at the other two stations and the 

doppler. The EW-NS pairs at each station showed coherence values near 0.6 

at periods of about 1 minute (Figure 2.34); this is the same type of relation 

that exists between the EW - doppler pairs. The coherence for the NS - Rb 

pair showed a peak between 1 and 2 minute period (Figure 2.36). 

Phase. The phase relationships are as follows. The NS magnetic 

components lag the doppler signal in phase by about 140 degrees at a period 
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FIG. 2.32   Cross-spectrum between NS Catskill and phase-path doppler. 
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FIG. 2.33   Cross-spectrum between EW Catskill and phase-path doppler. 
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FIG. 2.34       Cross-spectrum between EW Catskill and NS Catskill. 
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I. 
of one minute decreasing more or less unilormly to about 116 degrees at I 

minute period (Figure 2.32). Approximately the same relationship holds for 

the pair Rb - doppler (Figure 2.35). The phase between EW Catskill and 

doppler shows considerable scatter for periods at whicli the coherence is low, 

as one should expect in theoretical grounds, since cobcxence is a measure of 

the phase stability, i'lowever, for periods of about 1 minute the phase is 

relatively stable and its value is about -15 degrees, that is the EW compo- 

nents lead the doppler signal in phase by about 15 degrees at the 1 minule 

period band (Figure 2.33).  Important phase relationships are those between 

magnetic components of different polarization at the same station; and 

between magnetic components of the same polarization at different stations. 

The first type of relation gives information about the orientation of the 

disturbance vector, in the plane containing the two components under analysis; 

and the second about time shift between stations and consequently can lead to 

the determination of apparent phase velocities. The EW components lead the 

NS and Rb components by 157 degrees and 140 degrees respectively at periods 

of 1 minute. The NS and Rb showed phas: shifts of -20 degrees for 2 minute 

period and 11.7 degrees for 1 minute period indicating that in the first case 

the Rb lags the NS and in the second case the Rb leads the NS component. The 

phase velocities, estimated from the phase differences between magnetic compo- 

nents of the same polarization at different stations, are of the order of 100 

km/sec j. 50 km/sec The large uncertainty in the phase velocity is due to the 

small number of data points used in the computation of the cross-spectra 

(Goodman, 1957). 
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I 
Interpretation of Results.      The  impulsive character,  the  frequency 

I constant, and the limes of occurrence of the events indicate that the micro- 

pulsations associated with the phase-path fluctuations boJong to the Pi2 

type (Jacobs et al.,  1965;  ChristoffeJ  and tinford,  1966;  Saito and Matushita, 

I 1968). 

The lack of infrasonic activity associated with the events and the 

I       high values of the phase velocities Indicate the hydromagnetic character of 

this type of micropulsations in agreement with recent theoretical work 

(Rostoker, 1967; Saito and Matushita, 1968). 

The coherence results show that the disturbance is made up by the 

superposition of several modes of hydromagnetic waves. For example the 

event of September ft has one mode centered at a frequency corresponding to 

a period of 1 minute which involves all three magnetic components; the other 

modes correspond to periods greater than 1 minute and affect only the NS and 

Rb components. On the other band the event of September J8 showed modes 

centered at 1.14 minutes and 2.Ü minutes respectively, in which the three 

j       magnetic components are affected; and one mode centered at 1.6 minutes 

affecting only the NS and Rb components. The magnitude of the coherence 

between different wave components is representative of the degree of polari- 

zation of the wave in the plane containing the pair of components (Bom and 

Wolf, 1965); thus the mode centered at 1 minute is 50% polarized in the EW - NS 

plane and 98% polarized in the NS - Rb plane; similarly the modes centered at 

1.14 minute and 2.0 minutes are 50% polarized in the EW - NS plane and about 

70% in the NS - Rb plane.  Th modes not affecting the EW have degrees of 

polarization of about 80%. 

I 
I 
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Tlie amplitudes of the Rb fluctuations in both events are smaller 

than those of thr EW and NS components.      This  fact together with the high 

coherence between the NS and Rb signals suggest that the Rb disturbance  is 

produced mostly by induct Jon of the NS signal on the ground.    If this inter- 

pretation is granted,  one can postulate that the magnetic perturbations are 

due to transverse hydromagnetic modes,  of waves propagating along the field 

1 i ne s 

A simple quantitative interpretation can be obtained from the 

equations relating the fluid velocity and the magnetic field disturbance 

of a transverse wave in an incompre-sible fluid of infinite conductivity. 

Following AJfven and FaJthammar (1963), consider the geometry of Figure 2.41 

and the MKS equations 

SV B        db 
 X O  X 

dt u,p       dz 
(2.16) 

and 

A 
at 

A 
^p   az' 

(2.17) 

where 

V velocity of the fluid 

b magnetic vector of the wave x ■ 

B Earth's magnetic field 

H magnetic permeability 

p plasma density 
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where 

The solution of equation (217) has the form 

b " b sin u)(t - z/V ) (2.18) 

b ■ magnitude of the magnetic vector 

-1/2 
V - B (y,p)    is the phase velocity of the wave. 

Substitution of equation (2.18) into equation (2.2ü) gives 

and 

V = - (up)"1^2 bo sin u)(t - z/Va) (2.19) 

v = - b upr1/2 
(2.20) 

Rishbeth and Garriot (1964) have pointtd out that at F region heights 

the ion neutral collision frequency is large enough to modify the phase velocity 

of the wave and suggested the use of a complex dispersion equation which modi- 

fies equation (2.20) to give 

v - K  i/2 /■ v •   N-1/2 -d 3TT/4 (2.21) 

The inclusion of the collision frequency is the same as taking into account 

the conductivity of the medium. Dungey (1967) suggested that the density p 

CUD be replaced by the electron density N  multiplied by the mass of the 

dominant ion M..  In the F region of the ionosphere the dominant ions are 

+ 
0 , and the electron density can be taken from the plasma frequency corre- 

sponding to the sounding frequency. Typical values for the parameters entering 

equation (2.21) are 
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ü    -    4TT x 10~7    MKS 
o 

m.   =    1.33 x 10"26    MKS 
i 

Nj  =    2.85 x 1011 electrons/m3 

V in =    1 

I 
I 
.1 and equation (2.21) projected on the vertical direction becomes 

I Vh    - VGOS I = 4.0 x 1010 b  T"l/2 c"0        COS I (2.22) 
] t        x x v 

,.3TT/4 

taking T = 60 sec and  |b | « 2 x 10"  equation (2.22)   gives 

|Vh | m   3 m/sec 

The velocity as observed on the phase path sounder data is 

given by 

|Vobs|-   ^    If (2.23) 

using    f - 5.0 MHz    and    Af « 0.5 Hz    one obtains     |V ,    I «   15 m/sec 1 obs 

Equation (2.22)   predicts a phase shift of 135 degrees between the velocity 

V.  and the magnetic disturbance.  The observed phase shift between the 

doppler and the NS, as was pointed out earlier, is of about 140 degrees, 

at a period of 1 minute, decreasing as the period increases. Alfven and 

Falthammar (1963) have showed that for simple transverse waves when the con- 

ductivity is taken into account the phase shift 0 is proportional to the 

inverse of the period 

0 a   J (2.24) 
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Using this relation one could explain the decrease in phase between the 

phase-path fluctuations and the NS component as the period of the disturb- 

.      ance increases. 

' The difference between predicted and observed amplitudes is proba- 

bly due to attenuation of the magnetic disturbance when traversing the 

ionosphere at E region levels where the conductivity is higher. 

I Jacobs and Watanbe (1966) have pointed out that the association 

between phase-path variations and geomagnetic micropulsations cannot be due 

to ionospheric currents if the magnetic disturbance and the doppler shift 

have the same order of magnitude and periods of the order of 100 sec. This 

theoretical result favors our interpretation that the waves are of hydro- 

I      magnetic origin. Boyd and Duffus (1969) suggested two general mechanisms 

for the association: i) hydromagnetic waves, li) neutral gas waves; 

• however they have not proposed any coupling mechanism which can explain the 

amplitude, phase and coherence between the parameters measured. 

We can conclude then that: 

I      l) The association between geopiagnetic micropulsations and phase-path 

variations of the type investigated in this work can be explained by a 

superposition of various modes of transverse hydromagnetic waves, at least 

within an order of magnitude. 

2) At least a significant portion of the ionospheric motions in this part 

of the spectrum have a hydromagnetic origin since this association is not a 

• rare phenomenon. 

I 
[ 
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Multiple-frequency phase-path doppler observations 

, Observations using three sounding frequencies simultaneously, at 

one location, were carried out during the months of May and June, 1969. 

A test for the coherence and frequency responses of the three systems was 

run by recording simultaneously in the three systems the same ionospheric 

reflected signal at the same location. Cross spectral analyses of the 

records indicated that for all practical purposes the instruments were 

identical. 

1. The CW radio transmitters were located at Sterling Forest, N. Y. 

and the signals were received at Westwood, N.J.  The distance from the 

transmitters to receivers was 30 km, and for practical purposes vertical 

incidence could be assumed. The transmitting and receiving antennas con- 

sisted of simple horizontally polarized half-wave dipoles. The frequencies 

used were 2.412 MHz, 4.824 MHz and 6.030 MHz; the average reflection heights 

for these frequencies were of the order of 130, 170 and 230 km respectively. 

The variations of the received frequencies as a function of time were recorded 

in digital form on an incremental digital magnetic tape. Since the periods of 

interest were of the order of minutes, a sampling rate of 10 seconds was con- 

sidered convenient. As before, a low pass electronic filter was used to mini- 

mize aliasing effects. Data were recorded mainly during part of the month of 

June, although some data using two frequencies were collected in May. In 

i       some nights the critical frequency of the ionosphere, that is, the maximum 

plasma frequency, was smaller than 6 MHz for several hours, and consequently 

1       there werp no reflections from 6.03 MHz during these time intervals; the usable 

•       data for these nights consisted only of two frequencies. 

I 
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Since in this experiment one important parameter was the reflection 

height, the heights for the three sounding frequencies were obtained from regu- 

lar ionograms. The relationship between true height of reflection and virtual 

height as obtained from ionograms is described next. 

Relationship between virtual height and true height 

Ionospheric heights of reflection as a function of frequency are 

routinely obtained at a national network using ionosondes. The ionosonde 

data is in the form of ionograms which are records of "virtual height" versus 

sounding frequency. The virtual height h' is the height at which a radio 

pulse would be reflected if it would travel at the speed of light in free 

space, at all times during its way to the ionosphere and back. 

h'  = 2 Ct 

where £ is the speed of light in free space and ^t the time it takes the 

pulse to go to the ionosphere and return after reflection.  However t-ince 

the velocity of the pulse is the group velocity U 

(2.25) 

- c f dh_ 
U - fu' dh (2.26) 

where hr is the true reflection height, and n is the group refractive 

index.  Equation (2 .26)   can be inverted analytically using Abel 's 

integral equation, when certain assumptions such as the absence of magnetic 

field and electron collisions, are made about the properties of the media 

(Davies, 1969). 

fv 

h(f ) - 1  f Jj^L. V    *   Jo Vf^f* 
(2.27) 
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For this work the magnetic field and electron collisions were taken into 

account and a numerical true height analyses (Titheridge, J967) was used. 

The need for the true height analysis becomes apparent if unn looks at 

I      Figure 2.42 which shows a typical ionogram and the corresponding true 

height analysis. 

lonograms for Hanover, N.H. were made available to us by Prof. 

M.G. Morgan of the Radio Physics Laboratory of Dartmouth College. The 

I      heights of reflection for each power spectrum were obtained by averaging 

_      the heights of hourly ionograms. 

Computation of N(z) 

I The distribution of the Vä'isälä frequency N(z) with height was 

obtained from Tolstoy 0967).   The temperature distribution was computed 

using the empirical formulas from the U.S. Standard Atmosphere Supplements, 

1966. 

I 
I 
I 
I 
I 
! 

I 
I 
I 
I 
I 

T(z) - T« - (T» - T, ) • exp [-S(z - 120)] (2.28) 

where 

S - 0.0291 • exp (-q2/2) (2-29) 

and 

q    -     (T» -  800)   [760 +   1.722 x lO-4 x   (To» -  800)2] 1 ^2.30) 

T.  p -    temperature at J20 km 

Tta    -    temperature at the top of the ionosphere 

The values used for T.       and T» were 3270K and 200oK respectively which are 

the suggested values for Summer time. 
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Preliminary Results 

Power spectra of the phase-path sounder records showed systematic 

peaks and slope breaks, which appear to shift towards longer periods for 

greater reflection heights (larger sounding frequencies). Examples of this 

kind of behavior are illustrated in Figures2.43 and 2.44). 

The distribution of the period corresponding to the main spectral 

peak with height (sounding frequency) shows a pattern that resembles the dis- 

tribution of the Vciisala' frequency for an adiahatic atmosphere (Fig. 2.45). 

This work is continuing in the present contract and new results will be re- 

ported at a later date. 

Conclusions 

The main conclusions of this section are: 

1) The geomagnetic micropulsations associated with phase-path variations 

in the period range 0.5 minutes to 3 minutes are of the Pi2 type and 

consist of the superposition of various modes of transverse hydro- 

magnetic waves. The estimated phase velocities are in agreement with 

values of the Alfven velocity at ionospheric heights. These hydro- 

magnetic waves modulate the ionospheric plasma producing the observed 

phase-path variations. 

2) The spectral peaks of phase-path doppler records occurring at periods 

greater than 5 minutes probably correspond to internal gravity wave 

activity. 

3) Inclusion of viscosity into the theory of internal gravity wave propa- 

gation will allow a quantitative interpretation of the phase-path 

variation spectra, with the possibility of deriving the parameters of 

the neutral gas structure at ionospheric levels. 
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2.3.2    Microbarograph signaJ  and noise fields 

Acoustic-gravity waves generated in the atmosphere by nuclear explo- 

sions have been recorded and studied for many years.    Many observational 

characteristics of these signals have been reported and various theoretical 

studies of source and propagation have been conducted.    One property of the 

signals, however,  that has not been quantitatively studied   is the spatial 

coherence. 

This section presents information  regarding the similarity (i.e. 

coherence) of the signals and of atmospheric pressure background noise over 

distances of several  kilometers to about 200 kilometers.    Such information   is 

required to design an array of microbarographs for the detection of the signals 

and is required in choosing a processing technique  for the array data.    The  spatial 

coherence has not been previously studied due to a lack of adequate data,   i.e. 

digitized data from a sufficiently large and dense array of microbarographs. 

The data is now available from the Hudson Laboratories'   large aperture micro- 

barograph array.      The array was recording during the French thermonuclear tost 

of 24 August 1968.    The spatial  coherencies of acoustic-gravity waves from that 

test have been detennined by cross-spectral analyses of many pairs of stations 

of the array, at various separations.    For comparison with the signal  coheren- 

cies, an analysis of background noise coherencies has been performed. 

Signal foherence 

The 24 August 1968 French nuclear test was a megaton range explosion 

that generated acoustic-gravity waves clearly recorded on the Hudson Laboratories- 

array.    Various modes of propagation were recorded   in the   I- to S-minutc period 

band.    The separate modes were found by passing the data through suceessive 1/2 
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octave digital   filters.    The  fundamental   (3-5 minute  period)  and  the  first 

acoustic (2-3 minute) had the highest signaJ  tu noise ratios and were chosen 

for a study of their spatial  coherence.     Cross-spectral  analyses were performed 

between almost all combinations of pairs of stations in the array giving coher- 

encies for many station separations. 

The signals from the French test site  in the South Pacific crossed 

the array travelling into 50° azimuth.    Coherencies  for station pairs aligned 

♦ 25° from the direction of signal   travel   (that is,  50° ^_ 25°) arc shown  in 

Figure 2.46 for the first acoustic mode  (2-3 minute period),  as a  function of 

station separation.    Also shown are coherencies for pairs aligned ♦ 25° from 

the normal to the direction of travel.       It is clear that the transverse coher- 

encies are higher than the parallel  coherencii-s at   large scparatious.  that  is, 

the waves are   long-crested.    All  coherencies (signal   or noise^ of course, 

approach unity at small  separations. 

A similar analysis was performed on the fundamontal acoustic mode 

(3-5 minute period).    Figure2.47  shows that the transverse coherence  is again 

greater than the parallel  coherence.      A study of the spatial   coherence ef 

higher acoustic modes and of the gravity modes is in progress and will be 

includ   !   in  the  final  copy of this  report. 

Noisu coherence 

Thu data  for noise coherencies were chosen  from two  intervals of 

time.    One   interval   (l  hour  long) was chosen two hours prior to  the  signal 

arrival.    This data gave the noise coherencies (2-3 minute band) at the 

larger station  separations of Figure; 2.48.       The other interval   of time was 

a one-hour sample  several  months before  signal arrival, when the  small  array 

in the insert of Figure   2.1   was operating.    Tht' data from this small array 
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provided the coherency figures at the small separations (less than 14 km) of 

Figure 2.48.       We see that over a wide range of separations the coherencies 

are almost alJ  below the 95% confidence level. 

In order to find the short period  limit at which the noise becomes 

coherent, 24 cross-spectral measurements were performed between stations of 

the small array and mean coherencies were computed  for separations of ] .4 

to 14 km.    Figure   2.49   shows mean coherencies at 32,  4, and 3-niinute periods. 

At these periods the coherencies drop to a level of "random" coherence  in 

seve ra J  k i 3 ome te rs. 

Results 

Figure   2.50   summarizes the results of the signal- and noise-coherenct 

stuuy.    The coherence of acoustic signals is well above that of the background 

noise at separations greater than 3 or 4 kilometers.    The  signal coherence 

remains quite high out to separations of 50 km (or even more for the transverse 

coherencies). 

It is apparent that even for arrays of many tens of kilometers aper- 

ture, the signal  coherence is high enough to beamform with the entire array. 

Beamfonning on 2-5 minute periods was,   in fact, quite successful over the 

200 km-aperture Hudson Laboratories array. 

Group velocity cutves of lung period atmospheric waves 

Lo-ig period (10-15 minutes), high velocity (600 m/sec) atmospheric 

pressure waves have been observed on the Hudson Laboratories large aperture 

microbarograph array.    Through beamloritiing techniques, the signals have been 

observed  travelling botli the short and the long great circle path.i away from 

the sites of nuclear detonations.        Group velocity curves of these signals 
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have been determined by the method of plotting arrival times of peaks and 

troughs of the ^avetrain versus the peak or trough number.    Figure   2.51 

shows the dispersion curves from three nuclear detonations.    The curves 

labeled D are obtained from the direct,  short-path arrivals.    The curves 

labeled A are from the antipodal, long-path arrivals. 

As seen,  the long periods travel with higher velocity.    This type 

of dispersion is common to internal gravity waves,  surface gravity waves and 

the long period branch of the fundamental acoustic mode. 

It is interesting to note that the velocities are computed as 

higher for the antipodal arrival.    The group velocities are computed as the 

total distance travelled divided by the total travel  time.-   The higher anti- 

podal velocity suggests that the travel times used were too high,  that is, 

that these very long wavelength signals were not initiated at the instant of 

detonation.    Rather,  it took many tens of minutes to start the waves moving. 

Using overly-long travel times (from thn moment of detonation) has the great- 

est depressing effect on the short path velocities.       If the travel times are 

shortened to bring the short and long path velocities into coincidence,  the 

group velocities lie in the 600-700 m/sec range. 

Thus these results not only tell us the  range of the group veloci- 

ties and the sense of dispersion, but also indicate that the source mechanism 

requires many tens of minutes to initiate such long period, long wavelength 

waves. 
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3.      THEORETICAL ATMOSPHERIC PHYSICS 

3.1   Wave Propagation 

It is known (Herron and Tolstoy, 1969) that internal gravity waves 

are associated with the jet stream.    It has been hypothesized that these 

internal gravity waves are gene ated by a non-linear interaction of insta- 

bility (Tollmien-Schlichting) waves.    The instability waves are due to the 

unstable jet stream.    It is therefore desireable to study the interaction 

of instability waves in the atmosphere (due to the existence of wind shear) 

and internal gravity waves (due to atmospheric stratification).    In order to 

simplify the computation, compressibility will be neglected.    Since the 

phenomena under study do not depend on the compressibility in any crucial 

way, this seems to be justified. 

Let the x-z plane be horizontal,  the y axis vertical (positive 

upwards).    The equations of motion are: 

(3.1) 

(3-2) 

(3.3) 
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Here p is the density, V is the velocity, p is the pressure, g is the acceler- 

ation of gravity, ^ is the viscosity coefficient,  9 is the temperature, k is 

coefficient of thermal conductivity and 

i " (0, 1, 0), (3.4) 

Koppel (1964) has shown that both viscosity and thermal conductivity must be 

retained in order that the small disturbance equations be non-singular and 

thus be physically meaningful. It can be shown easily that these equations 

are equivalent to 

^. V = ^ (3.5) 

(3.6) 

(3.7) 

In deriving these equations it has been assumed that the temperature and 

density are related by 

p/po - 1 - a (9 - 9o), (3.8) 

where a is the coefficient of thermal expansion,  9    is a reference temperature 

and  p    is the density at temperature 9 ; the Boussinesq approximation has also 

been made, that is, in the momentum conservation equation the variation of 

density is neglected in all terms except the one containing g. 
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Assume that the flow is two-dimensional, independent of z, and 

introduce a stream function Y, with u and v, the velocity components in the 

x and y directions given by 

u* 4r-       Vm~ d^ (3-9) 
Then the equations of motion reduce to 

(3.10) 

(3.31) 

Now the linearized equations can be derived by writing 

and substituting into (3.]0) and (3.1l). At this point the base flow, 

given by p and Y , is taken to be a steady flow with density stratifica- 

tion plus a wave (either a stability wave or an internal gravity wave). 

Therefore assume that 

ft-c^; ^Vx*^ (3J4) 

(3.12) 

(3.13) 
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The undisturbed density is given by p (y) and U (y) - dY /dy is the base J & * oo       oo      oo 

shear flow. The terms p , and Y , describe a wave, of amplitude 6, propagat- 

ing through the flow. In order to have a consistent description one must 

take 

1/ =C,(y,j,-tj * iftidiftj+oa*)^ 

^ *t. OtfrtJ *f* (%*** * 0(SX). 

(3.16) 

(3.17) 

It is assumed that 

so that the linearization is valid. Substitute into the basic equations, 

again using the Boussiiicsq approximation. The quantities p  and Y 

satisfy the equations identically. For the others it is found that 

(3.38) 

(3.19) 

(3.20) 

The equations satisfied by p,, and Y10 are identical to (3.19) and  (3.20), 
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(3.21) 

And for the p,,  and Y,,   the governing equations are 

k'-z 

[ V *$]?*. 

„ *SM,Q*$L - *JLoi£i 
ty M -zr 

with 

Dm-if-^^Sj (3.'22) 

on, - 4M -*?};, Jr., Mi + ho St, 

r* 5 JX   - 
m 

0 

(3.23) 
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If wave solutions are sought, i.e., p-, and Y^, or p,0 and Y10 are 

taken to be 

(3.24) 

(3.25) 

then it is found that 

where 

(3.26) 

s O       (3.27) 

f? = 5   ' (3.28) 

and 

^ = ^r -•< • 
Equations (3.26) and (3.27) govern (in the linear approximation) the propa- 

gation of waves in a stratified atmosphere with wind shear. In various 

limits some well known results are obtained. For example, ifß-g-K-0, 

there is a hcmogeneous atmosphere in the absence of gravity and thermal con- 

duction and (3.27) becomes, with vr  Ctc 

(3.29) 

ftt.-Oi<P-4&«fW^V-#. (3.30) 
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which is just the Orr-Sommerfeld equation (Lin, 1955). This is well known 

in the theory of hydrodynamic stability and describes the propagation of 

stability waves in shear flows. If, on the other hand, U  = o and v - K - o, 
' ' ' oo 

that is, an inviscid nonheat-conducting fluid is considered, with no wind, 

then equations (3.26) and (3.27) reduce to 

>2 

(3.31) 

This is just the equation governing the propagation of internal gravity waves 

in a stratified, incompressible inviscid fluid (Tolstoy, 1963). It can be 

noted here that the effect of the Boussinesq approximation is to drop a 

2 
term ß /4. That is, the exact equation, without making the Boussinesq 

approximation, would be 

If the stratification is small, then ß will be small and the neglect 

2 
of ß /4 is reasonable. 

The above discussion indicates that equations (3.26) and  (3.27) 

should have two branches, a stability wave branch and an intema]  gravity 

wave branch.    If p0,  and f-,  are proportional to expCUOLx-w t)] and p,0 

and Y1Q are proportional to exp[i(OLx-w t)] then equations (3.21) and (3.22) 

show that p.,  and Y,,  will have solutions proportional to exp[i(a„x-w t)] 

where 

0^ = 00* «I       J IMJ  ***,*&+< (3.33) 
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The sketch below shows schematically the dispersion relation for 

stability waves and internal gravity waves. It is clear that there can be a 

resonance between various waves. For example, the two stability waves marked 

1 and 2, and the internal gravity wave marked 3, will satisfy the resonance 

conditions, equation (3.33). 

Stability 
Bnanch 

(JÜ 

Internal Gravity 
•      Branch 

In order to proceed any further with the calculation a model must 

be chosen for the density variation and velocity field in the undisturbed 

flow. A particularly simple model has been chosen so as to minimize the 

computation. The model consists of a duct bounded by rigid planes; the 

VaisJfla frequency is assumed to be constant; that is, we assume 

(• 
(3.34) 

is constant; and finally it is assumed that the shear flow has a parabolic 

profile (U  - 1 - y ) since this is the simplest profile with varying shear. 
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In all that follows, dimensionless variables will be used. The height 

of the duct is.^; the scaling length will heJt/2.    The maximum velocity in the 

duct is U and this will be used as the velocity scale. In terms of these 

variables, it can be shown that the linear equations (3.26) and (3.27) are 

<rL f -«[u,:- BU J **$ LV"W> (3- 

where a  is the complex frequency, 

R is the Reynolds number, - U «f /2V 

P is the Prandtl number, ~- y/K 

J is the Richardson number, - ßgjr /490 

and     L - d /dy - a . 

The boundary conditions on T| and ^ are that 

The method to be used to solve equations (3.35) and (3.36) with 

the boundary conditions (3.37) is to choose a suitable set of expansion 

functions and expand T\  and cp in a series of these functions. There is no 

necessity to use the same set of functions to expand J\ as is used for cp and 

in fact, different sets of expansion functions will be used. 

A suitable set of expansion functions for cp is the set of eigen- 

functions of 

(3.35) 

36) 

(3.37) 
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Cc* =-KL c„ f3-38' 

Cm(*l)mC^(tt)mC. (3-39) 

Since equations (3.38) and (3.39) are symmetric, the eigenfunctions must be 

either symmetric or anti-symmetric    For the present calculation it is only 

necessary to consider the symmetric expansion functions. 

The symmetric eigenfunctions are 

0 L   c^(r„) C0fA(HJ   Jj 
(3.40) 

where Y    is the n'th root of 'n 

im t** (i„) -hoi ^a/?/7(o() = o / (3.41) 

X#f   *    ^     V- ^ 2
; (3.42) 

and c is a normalization constant, 
n 

This approach, expansion in a series of orthogonal functions, 

although very powerful has only been used rarely in problems of this sort. 

These particular expansion functions, the C (y), were first used by Dolph and 

Lewis (1958) in a study of hydrodynamlc stability and were later suggested by 

Eckhaus (1965) as a suitable set of functions to use in non-linear stability 

calculations. 
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The je  \ are a somewhat unusual set of functions.    Equations (3.38) 

and (3.39) do not constitute the usual Sturm-Liouville (S.-L.) problem.    The 

•Ic  Y have an unusual orthogonality property, which is, 

\£*j   m L  C-*! /  S    £*/*    . (3-43) 

Further, the jC  > do not have the usual completeness property of 

the S.-L.  functions,  (Courant-Hllbert, 1953).    The S.-L.  functions are complete 

with respect to the space of functions which are continuous and satisfy the 

same boundary conditions.      If a function does not satisfy the boundary condi- 

tions, then the expansion ccnverges non-uniformly in the interior and differs 

5rom the function by a constant at the boundary. 

In contrast,  it is easily shown that if one attempts to expand 

cosh(0(y) or sinn(Qy)  in a series of the JC   k all of the expansion coefficients 

are identically zero.      This implies that if one attempts to expand an arbitrary 

continuous symmetric function in terms of the iC   i-, then in the interior the 

expansion does not converge to the function but to the function minus a multiple 

of cosh(ciy).    However,  it can be shown that the jC   r are complete with respect 

to the space of continuous functions which satisfy the boundary conditions 

(3.37). 

A suitable set of expansion functions for T) are the eigenfunctions of 

(3.44) 

(3.45) 

*   <f,  g>  * f(y)g(y)dy 
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Again the eigenfunctions are either symmetric or anti-symmetric and only the 

symmetric functions are considered for the present. The symmetric eigen- 

functions are 

(3.46) 

(3.47) 

Now set 

f'£,**£* Ws 
/I»/ 

(3.48) 

(3.49) 

and take the inner product of G. (y) with equation (3.35) and Ck(y) with 

equation (3.36). After integrating by parts, using (3.48) and (3.49) and 

the orthogonality properties equation (3.43), it can be shown that equations 

(3.35) and (3.36) reduce to 

r* - - {*. **) *, *'*£%, ^-«JZK^ (3.50) 

rir-- /^>, -MZ^K "*£ ***** c«) 
where, with 

Vct - /- ̂
 

(3.52) 
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(3.53) 

(3.54) 

and 

V.. - <^ c, >. (3.55) 

If the expansions in (3.48) and (3.49) are truncated at a finite 

number of terms, that is, if I) and cp are approximated by a finte series, then 

(3.50) and (3.51) can be combined to give 

B 1*4 
4 
S 

A' 
a, i. 

Kl 

K„-'-*v* **. 

(3.56) 

(3.57) 

(3.58) 

(3.59) 

(3.60) 
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Then a is ju^t an eigenvalue of the matrix in (3.56) and by calculating the 

eigenvalues of this (2NX2N) matrix one obtains apprrximations to the first 2N 

complex frequencies. Once the eigenvalues are known the wave forms can be 

obtained from the set of homogeneous linear equations with zero secular deter- 

minant . 

The results of the calculations can be checked in a number of special 

cases. For example, if J - 0, then N of the eigenvalues ought to be the eigen- 

values of the stability modes of Poiseuille flow.  This has been verified in a 

number of cases. 

Numerical results are presented for a representative case. The 

values assigned to the various scales and dimensionless parameters arei 

U - 50 m/sec. 
o 

J^ = 2 km. 

T ^>f/2Ü ■ 20 sec. 
o     o 

4  2/    * 
v - 5 x 10 cm /sec. 

R B üjf/2v ■ 104 
o 

P - 0.72 

J   0.005 

Since (eq. 3.25) the stream function Y is of the form 

f •=  fCr) e1^ + *>, 

then 

■" 4*V   (**)    ■ Ufj (3.61) 

the circular frequency, in dimensionless units and 

* The kinematic viscosity is taken to be an eddy viscosity for which this 
numerical value is representative of atmospheric conditions. 

3-14 



Tciedyne Isotopes 

- J&e ((r) - f. (3.62) 

the damping coefficient, again in dimensionless units. 

Thus, 

?• em* (p(y) el(**m**) (3.63) 

In Figure 3.Jthe variation of the frequency, tu, with the wave number 

a is shown and in Figure 3.2 the variation of the damping coefficient, 6, with 

wave number is thown (note that in Figure 3.1  6 x 10 ti plotted)« Curve.« jre 

plotted for the first five modes where the modes are ordered with respect to 

the magnitude of the damping coefficient for small a.  It is obvious that 

there are two genera] classes cf modes: 

1) Modes for which the phase velocity 

c - («/a « 1, 

these may be called the "fast" modes and include modes I, 3, 4 and 5. 

2) Modes for which 

U) .aa^ constant as O—^" 

and thus 

c—* 0    as    a—>• , 

(3.64) 

(3.65) 

(3. 66) 

these may be called the "slow" modes.      Mode 2  is a "slow" mode, and although 

they are not shown, other of the higher,  i.e.  more rapidly damped modes are 

also "slow" modes. 

As discussed above  internal-gravity waves can propagate in a station- 

ary,  stratified fluid and Tollmien-Schlichting or instability waves can propagate 

in a shear flow in a homogeneous fluid.    Therefore it is to be expected that 
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there will be both internal-gravity and Tollmien-ScWichting waves in a strati- 

fied shear flow.  In Table 3.1, ou and 6 have been listed for the first five 

modes for a -  1.0, and also ou and 6 for the corresponding case in the homogen- 

eous shear flow with the same velocity profile.  It is obvious that modes 1 

and 4 are the internal gravity modes and modes 2, 3 and 5 are the Tollmien- 

Schlichting waves. 

TABLE  3.1 

FREQUENCY AND DAMPING COEFFICIENT 

O ■ 1.0,  R ■ 10 ,  P - 0,72,   d = 0.005 

Stratified Shear Flow Homogeneous Shear Flow 

Mode Number | 6 ou 6 

1 0.995 0.0084 _ _ 

2 0.237 -0.0039 0.237 -0.0032 

3 0.964 0.0358 0.965 0.0352 

4 0.959 0.0414 - — 

5 0.936 0.0636 0.936 0.0633 
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It can a.lso be shown (see eqs.  3.35 and 3.36) as R-^« and astuming 

that U constant      I,  in dimensionless units, that 
(lO • ' 

U) - a - 0(J)( (3.67) 

I 

This shows that for small Richardson number (J) the internal  gravity mudes are 

"fast" modes as sho:—1 in Figure 3.1 and Table   8»1« 

It should also be noted that  for 0.8 < a < J.l,  mode 2,  the  first T-S 

mode,   is unstable as indicated by the  fact that  6 If negative.    This range of 

wave numbers is,  to within the accuracy of the calculation,  the same range of 

wave numbers for which the homogenous  shear flow is unstable.    The Richardson 

nunber is so smaJl that the stability characteristics are not appreciably 

affected.     For larger J the range of unstable wave numbers decreases and for 

sufficiently large J the flow is stable for all wave numbers. 

Once the eigenvalues were obtained it was a simple matter to calcu- 

late the wave forms from the set of homogenous linear equations with zero 

secular determinant.    These calculations have been carried for a number of 

cases and some sample results are shown  in Figures 3.3 - 3.6.   For all  of 

these cases O ■ 1.0.        In Figure 3.3 the nerturbation velocity field is shown 

for mode 1  at values of (aX - ajt) - 0,    (rr/4),    7Tr/4 and Figure   3.4 shows the 

corresponding results for mode 2.      The velocity scale in both figures is the 

same.    The same information is presented in a somewhat different way in 

Figures 3.5   and 3.6. Figure 3.5 shows the streamlines for mode 1 and Figure 

3.6   the streamlines for mode 2.    The horizontal scale in Figures   3.5    and 3.6 

has, however, been compressed in order to show a wavelength and a half, that 

is, 0 < (oX - (ut) < 3TT in Figures   3.5 and 3.6. 
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It is clear that the internal gravity wave is largely trapped in the 

high velocity region al the center of the jet and propagates with a phase 

velocity very nearly equal to the maximum velocity of this  shear flow.    The 

T-S wave,  on the over hand,  is spread over the entire duct and propagates 

with a phase velocity less than one-quarter of the maximum shear flow velocity. 

There has been a certain amount of controversy over the problem of 

internal gravity wave propagation in a shear flow.    The crucial point is a 

simple one;   in a non-viscous, non-heating conducting stratified fluid the 

first order perturbation equations are singular at the critical point 

(the point where the phase velocity of the wave equals the shear flow veloci- 

ty) .    Although Drazin and Howard (1966)  in their comprehensive review of the 

stability of parallel flows in inviscid  fluid were careful to point out the 

existence of internal gravity waves and T-S waves in stratified shear flows 

and to emphasize that the relation of the solutions of the inviscid problem 

to the solutions of the viscous problem is both complicated and subtle, other 

authors have not been as careful.    One difficulty is that if the fluid is 

stratified, the inclusion of viscosity does not remove the singularity as it 

does for a flow in a homogenous fluid.    However, as shown by Koppel (1964), 

the inclusion of a non-zero thermal conductivity does remove the singularity. 

This is reasonable since the density stratification is due to a temperature 

gradient.    The equations used here (3.35 and 3.36) are equivalent (with a 

different notation) to Koppel's final result (Koppel, 1964, eq.  20).    It 

can thus be seen that the amplitude of the motion does not become infinitely 

large at the critical layer.    In the neighborhood of the critical layer the 

perturbation velocity does reach its maximum but remains finite. 
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The major results are that this stratified shear flow supports both 

internal gravity and Tollmien-Schlichting waves; that the internal gravity 

waves are,  roughly,  trapped within the layer where Ü     > c; and that the 

phase velocity of the internal gravity modes is approximately equal to the 

maximum velocity of the shear flow. 
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4.       THEORETICAL SIGNAL PROCESSING 

4.1        Estimation and Detection of an Unknown Dispersive  Signal  Using a 
Two-Dimensiona.l  Array  

4.I.I     Introduction 

Consider tlie problem of detecting and estimating an unknown tran- 

sient signal wliich is propagating across an extremely Jarge planar array 

immersed in a waveguide such as the ocean,  atmosphere,  or the earth's surface. 

The direction of the propagation and the phase velocity of the signal   are un- 

known,  and  the noise fieid  is  assumed to be Gaussian.       In a large  system 

tremendous  quantities of data are collected,  most of which  is noise.     The 

transient signals have a relatively long time betv;een arrivals (such as 

nuclear events).     It  is desirable  to have a  simple  procedure  for detecting 

the arrival of a signal, estimating the direction and  phase velocities,  and 

upgrading the data.    Once the data has been segmented  into periods of likely 

event,  the optimal  methods can be used to eliminate false alarms and improve 

the signal estimates. 

One also has a reception problem that is not caused by noise.     The 

transmission in the waveguide  is dispersive and hence the phase and group 

velocities depend upon frequency.    For signals having a wide bandwidth,   it 

is well known that the usual   methods of delay and  sum are  inadquate for array 

steering since the signal  waveforms are systematically different at different 

receivers.   Figure   4.1.    The time alignment at t.   is incorrect at the time t   . 

If the signal   is modeled as a section of a stationary stochastic 

process in time and space dimensions, the problem of optimal   array processing 

for    non-dispersive signals has been analyzed by several   investigators (Faran 
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and Hills, 1952; Smith, 1956; Berman and Clay, 1957; Bryn, ]962; Good, 1963; 

Burg, 1964; and Laster and Linville, 1966). For a non-stochastic non-dispersive 

signal of unknown waveform, direction, and phase velocity, a type of least- 

squares estimator has been investigated by Levin (]965). If the phase velocity, 

direction, and the noise covariance function are known, the ordinary Least- 

squares estimator of the signal is maximum likelihood, linear, unbiased, and 

minimum variance (Capon, et al., J967; Graybill, 1961). Levin's estimator is 

non-linear since it is found by searching over a range of phase velocities 

and direction cosines. A large amount of computations are required and the 

optimal array steering and signal processing procedures have been more expen- 

sive than delay and sum techniques. 

This section presents a relatively simple method for estimating 

the phase velocity and direction of an unknown plane wave signal. The finite 

Fourier transform is applied to the output of each sensor and phases of the 

smoothed frequency components are calculated. Ths phases arc linearly 

regressed on sensor pobition to produce estimates of the wave numbers. By 

appropriate smoothing over frequency and transforming, estimates are obtained 

of the direction and phase velocity. The precision of estimates depends on 

the signal-to-noise ratio, the square-root of the number of sensors, and the 

nuuiber of wave lengths which fall in the array. Since the procedure involves 

Fourier decomposition of the signals, it is easy to include the effect of dis- 

persion across the array. 

4.1.2 Plane Wave Signal and Noise 

Assume that the planar array has K sensors which are located at 

positions (x. ,y. ) with respect to the coordinate axis x and y (Figure 4.2). 

Let P^(t) denote the sampled output from the k  sensor for t - 0, T,..., (n-l)T. 
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FIGURE 4.2        Coordinate  system of array 
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Given a sampling interval T, let T = nr denote the total, observation period, 

which is the same for all sensors. When the signal is present, for t-ü,T,••.,T-T 

Pk(t) ■ • (t - 
x, cos 9 + yk sin 6 

) ' \M (4.1) 

I 
I 
I 
I 
I 

where 9 is the direction of propagation and v is the phase velocity in 

the x-y plane. The noise at the k  sensor, n, (t), is assumed to be station- 

ary, Gaussian, zero mean, and such that the expected value E[n, (t)n, ,(t)] - 0 

for k ^ k', i.e., the noise is incoherent. 

If the duration of the signal is about the same as the observation 

period T seconds, then the signal can be modeled as a plane wave which has 

the following finite Fourier series representation at (xujyjJ1 ^or  t ü,T,...,T-T 

n-J 

S(t-axk-ßyk) - I     SU.^V1"0*^ (4.2) 

where u). 
J 

2TTJ -, and o((u) 
cos9   . _/ x    sinS     .,       , 
—T—r and fiCcu) -  > f  are the wave slow- 

ness components in the x and y directions.  For a given j, S(u).)  is the 

compüex amplitude of the u),   frequency component of Hie signaJ measured at 
j 

(0,0), the origin of the coordinate system.  Since  s(t)  i: real, 

S(u) .)  S*(u).), where the star denotes complex conjugate. The folding 
1 iJ J 

frequency is —T HZ. 

.th Let P,((u.)    be the    j        Fourier coefficient of    P,(t),  i.e.. 

for    n      T/T 

n-] 

"k^^  " n    I Pk(mT)e    ^ 
m-0 
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From (4.1) and (4.2) it followö that for each k ,K    md    J ■ 0,---,n/2-J 

Vk(v.)       IsC^JI^C^.Cox^ßy^    +    «(•j>3 + VV       I'k'*1^ 

.th 
when;    Y(u).)    in the phase of the    J      Fourier component of the signal  at the 

J 

origin, and N.(u).)  is the j  Fourier coefficient of n.(t).  Letting 
K j k 

0 

a (UJ) denote the power spectrum of n (t), it can he shown that NL(ou) has 
k k k 

a mean vaiue of zero and 

(4.8) 

Ed^uoi2) «^^(Oü) (4.4) 

for large T, i.e., the j   coefficient in the discrete Fourier repre- 

sentation of a section of a stationary random process is a random variable 

whose mean value is zero and whose variance is the area under the power 

spectrum in a narrow band of bandwidth l/T Hz centered at the frequency 

j/T Hz (Hinich and Clay, 1968). Moreover, N.(u).) and N. (ou.,) are 

approximately uncorrelüted for j 4 j' .  The approximations are exact 

statements if the process is white. 

The complex Fourier coefficients P. (ou.) are obtained by taking 

the finite Fourier transform, of the sections of the sensor outputs 

p, (t). u <_ 1 < T.  The fast Fourier transform (Cooh-y, Lewis and Welch, 

1907) is an algorithm which provides efficient computer calculation of the 

discrete Fourier coefficients.  These complex coefficients will contain the 

phase character-!-;t ics of the signal. 
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4.1.3  Signal Processing 

Compute the p. (UJ.) for frequencies u). such thdt S(uj.) » 0, 

For each sensor k, compute 

-i   ImP
kK-) 

cp, (u).) - tan    . L (4.5a) 

for    0 < UJ. < TT/T, provided that the imaginary part of    P. ,ImP  ,     is smaJler 
J K            K 

in magnitude than ReP^j    the real   part of    P. .     If     |ReP   | <   |lmP, |,  then 

let 

^(•J     -    f tan 
ImPk(uK) 

(4.5b) 

For  large    T    it can be shown by Taylor series expansion of    eft 

as a function of    N,     (BrownLee,   1965)    thüt the phase of    ^(w)    can be 

written 

cpk(t«) u)[a(uj)xk + ß(u»)yk] + f(«) + t^im)    , (4.6) 

where €, (UJ)  is a Gaussian random variable whose expected value is 

ECe, (UJ)] - 0(T ) and whose variance is 

BC<(«)] k    K 
k      2T|S(oü)r 

(4.7) 

since ReP.  and  I^K. a^e uncorrelated, 
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Since arctan is a multiple valued function, cp((jü) is defined only 

up to an added factor of 2TTm. One can determine m by starting at low 

frequencies, that is if given ou,  |(xk+J-xk)cos 9 i (y^j-y^sin |{ < ^1 

where \(ou) is the wavelength of the outh frequency component, then 

IVi-^l *** lektrekl 

and thus there is no problem determining the proper integer multiple of 

2TT for each k provided that gJiwI)  TS (UJ) is Mill« For an orthogonal 

array it is sufficient to have the minimum distance between sensjrs to be 

less than \/2. For short wavelengths, it may be necessary to break the 

array into smaller subarrays and then the estimates of 0 and wave sJowness 

derived from the subarrays can be averaged. These estimates can then be used 

to estimate the proper integer multiple of 2TT for each sensor phase. This 

procedure for determining the m's requires more processing time and thus 

if it is necessary to use it, the least-squares search procedure for estimat- 

ing direction and velocity will probably be at least as efficient as the 

method discussed in this section. However, our method can deal with disper- 

sion whereas the least-squares method '.'annot unless the dispersion effect is 

known in detail. 

Let cp(ou) be the K dimeusioral vector defined by 

cp(u))' [91(u)),
,--,cpK(u))] and let e(oü') be the vector €(u))' [e^uu), " * ,eK(u))] 

where the prime denotes the transpose.   Let yiw)    be the vectur of parameters 

yO»),s(«Brri0»f) and let A be the K x 3 matrix 
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xi   yi    ' \ 

x,.  y *   'I 
(4.8) 

Writing the system of equations defined by (4.6) in vector and matrix form, 

cp(u))  AyU) + •(•) (4.9) 

Letting Z denote the K x K diagonal matrix whose kth diagonal element 

1  ? 
is —Ta/(u)), the weighted Jeast-squares estimator of y is 

Y(U)) - (A'iT^r^'fV«) (4.10) 

where y(.lü),  - (ouu,üüß,Y) and y indicates the estimate of y 

E(f;)  is of the order of T , it can be shown that 

£.ince 

E(Y)   y + 0 ^ KT (4.U) 

The linear estimator y la optimal for the system given by (4.9) (Deutch, 

1965). In addition to the estimates of wave slowness and signal phase, 

it is possible to obtain an unbiastd estimate of the signal energy 

|S(ou)| .  From (4.4) and the fact that the expected values of R-iN',  and 

ImM.  are zero, by the Jaw of large numbers it follows for large KT that 

K 

I  l   Pkim)\2m IsU)!2 ♦  halM 

k- 1 
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Thus 

ISU)|2 =|   JC| PkU)|2--|aj^)] (4.12) 

is an approximately unbiased and consistent estimator of    |S(UJ) |' 

The covariance matrix of    y    is given by 

ECCY^CY-Y)'] ^   |S(oü)r2 (A'E-V1 (4.13) 

In order to simplify the above expressions, let us restrict 

ourselves to the case when the noise at the kth sensor is white over 

the band where there is appreciable signal energy, i.e., for each 

k-lv^K 

a2(u))  - a2   if   S(UJ) » 0 (4.14) 

Further,  let us choose the origin of the coordinate system such that 

K K 
x. „   y 

V -ii V  -ii- - 7     L  3 
k-1 Gk k=] ak 

(4.15) 

Then from (4.8),  (4.10),  (4.11), and  (4.14), we have the following unbiased 

(of order   -r™ )    estimators of    a,    ß,    and  Y : KT 
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A 
a(u)) 

r   K 

■ (ouD)' (I \yl] (I al2 \\\ Y £ HVi 'k 'Vk 
ksl 

K 

k-1 

(4.16a) 

ß(u))  - (u)D)" I^2 xk (   I Ä^i 
Uk=l /(k-1 / 

K 

I 
lk»l 

ak   xkykl I  ^'^k^ 
k=l 

(4.16b) 

where 

D ^ 

K K 
-2    21/    V      -2 

A   ak    yk 
»k=] /I k=i 

L ak xk) 

K 

I ak2  Xkyk 
k 1 

and 

A K -1 K 
7   "2 

—^ 

l\    , ) 

k-1 k-i 

-2 
^k 

(4.17) 

Note that these estimators are linear functions of the    cp,     and that the 

linear coefficients do not depend on    u) . 
A A 

The following expressions for the variances of    a   and    ß 

and the covariances can be derived from (4.33): 
K 

lak    yk 
A             k   1 Via) =   -5-1  

2T(ü
Z
  S(u))     D 

K 

A 
V(ß) ■ 

r -2   2 

k-1 

2Tüü
2
  S(Oü)  

2D 

(4.18a) 

(4.18b) 

I 
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A A 
COV (a,ß) 

I CTk2 Xk yk 

k-1 

2Tu,2 IsCuu^D 
(4.18c) 

and 

A A 
COV (o,f) 

A A 
COV (ß,Y) (4.18cJ) 

The variance of    Y    is 

A 
V (?) 

/ 
-1 w 

k-i 

2T|S(u)) 
(4.19) 

In order to better understand the above estimators and their 

2        2 
properties,  let us consider an example.    Let    a,   -  a      for each    k ■  1,,',,,,,>K. 

Let the array have a cross configuration with equal spacing of distance    d 

between the sensors in each wing of the cross, and let there be exactly    N 

sensors in each arm (Figure 4.3).    Assuming there is no sensor in the middle, 

K      2N    and the distance across the array is    Nd.    Let the origin of the co- 

ordinate system be located at the middle and let the arms be the    x    and    y 

axis.    Then 

and 

k-1 

I' 
k 1 

Tn 
k-1 

k 1 

I   ^k -    0 

k-1 

N/2 
2 H2        N(N+1)  (N-i-2)       d2 

(4.20) 

(4.21) 

4-12 



Teledyne Isotopes 

(i Nd 

► 2d 

d 

^MMMAM # 
-Nd -2d        -d 

-d 

I -2d 

2d Nd 

FIGURE 4.3  Cross array with sensors located on coordinate axis. 
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2   2 
Since cr. - a  for ench sensor, (4.20) implies that (4.15) is true, and 

thus 

0 - •11-'l(« 
Thus from (4.16), 

mm) ■ 

A 
afnA   = 

K 

k-1 
k 
7    2 

k=i 

K 

Lyk% 

N/2 

.1- -N/2 

cudN (N+l)  (N+2) 

N/2 

121 J "y: 
,1-   -N/2 

K 

k=l 

cudN (N+l) (N+2) 

(4.22a) 

(4.22b) 

where cp . is the phase measured at the J   sensor on the x-axis arm 

and «p. is the phase at the j  sensor on the y-axis arm. Moreover 

from (4.17), the estimator of the signal phase function is 

A 
f <•) 

K 

i 1% 
N/2 

-h  L   (cPxj + id  • 
j- -N/2 

(4.23) 
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From (4.18) and (4.19) the variances and covariances of a, ß, and 
A 
ff are 

V(ft 6 a 
-. |2 T m    |S((D)i  N (N+l) (N+2) f 

*    V(^) , (4.24) 

COV iäjh  - cov (a,Y) cov (0,f) (4.25) 

and 

A 
V(f) 

2KT |S(«) 
(4.26) 

Approximating N (N+l)(N+2) by N  in equation (4.24), and since the wave- 

length of the u)   frequency is 

kirn) 2TT VU) 
■ 

x    -   \/cose 
x 

t   =  x/siNe 

it follows that the proportional standard deviation of o is 

SD(a) _ LFTT   n |s(u))|  x cose N ' U  KT  n |S(u))|  x cose V 
Vv 3      a       X   / 

(4.27) 

provided that 9 / -r or Tp .   Thus the proportional standard deviation 

of the estimate of the  x-axis component of wave slowness depends inversely 

on vK, the signal to noise ratic  |S(UJ) l/c, and Nd/X , the number of 
x 

wavelengths lying within the length of the x-axis arm of the array. Clearly 
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the proportional standard deviation is undefined for 6 = TT or — since 
A 

Ct - 0.  A simil.ir result holds for SD(ß)/ß with \ sin 9 replacing 

\ cos 0.  We have shown that the best estimate of the velocity is obtained 

from an array arm along the direction of propagation of the signal. 

4.1.4 Estimation of Direction and Dispersion 

Let n  denote the number of uu. > 0 such that S(tO » 0, 
s j 3 

i.e., il the signal is narrow-band then n /T Hz is the bandwidth. Let s 

the estimator of signal direction be defined by 

A    -1 3 
0 ■ tan   — Z 

A, 

ß(oü ) (4.28) 

Where the sum is taken over the ou. which defines n , if the term in 
3 ■ 

the bracket is less than one.  If the term in the bracket, i.e., the average 
A     A A 

ratio of ß to a .  is greater than one, define 0 in terms of the arccot 
i 

as in (4.5b). 

By Taylor series expansion of (4.28),  it follows from (4.11)  and 

A 
(4.18) that the expected value of    0    is 

E(*) -9+0 U^ (4.28a) 

and the variance is 

V(0) 
A 2 A (sin 0 cos 0) 

3 

A A A A 
v(a)   +   2C0V(Q,ß) . vao 
a2 • ß2 

(4.28by 
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For the cross array example, 

A 
v(e) 12a 

KTn^(Nd)2 
\
2
(Oü) 

•l    ^jscu,)!2 
(4.30) 

If the signal is narrow-band with amplitude S, then the standard deviation 
A 

of 0 is 

s0(6) = (•**•») N-l (4.31) 

where \  is ehe average wavelength of the band. These results are similar 
o 

to the ones obtained by Levin for the least-squares processor (Levin, 1965). 

In order to measure the signal.dispersion, let us assume that 

the wave slowness 6(uj) is approximately linear in tu    for the frequency 

range of interest, i.e., 

6(UJ) Wo2 + p2  6o + ÖJU) (4.32) 

2 2 -2 2 -2 Further assume that    £ c,   x,     ■    Z ak yk   and E a,   x. y,   ■ 0  ,    and thus 

A A A A 
from (4.18),    V(a) - V(e)    ard    C0V(a,ß) - 0. Defining 

M -VFTF , 
it then follows that the variance of 6 is 

A 
V(6) ■ 

2Tu,2|S(uJ)|
2 ga^2 

(4.33) 

and E(6) - 6 ♦ Od"1) 
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9 2 
For u).  such tktt    S((u) . » 0,     IH    h(u)) ■ uu  |S(u)) |      and define 

J J 

H    - E h(u).) HT  - Z lü.h(u).) 
0      j        3 ^      j    3      J 

H    - Zu)^(u,,)      E^lsCu,.)!' 
3    J      J        3    J        J 

Then from (4.33),  the optima, weighted least-squares estimators of 60 and 

6,    are 

and 

A 
6. 

A A 
Hlh(u))6(u,0    -    H Eüü h(u).)6 (uu.) 

H0H2 "  "l2 

A A 
HS h(u» )6 (a».) - LI u).h(uj.)fi U.) 

H0H2 ~  "l 

where the variances and the covariance are 

V(60) 
I«. 

T(H0H2 - 0 f a-2xk
2 

VC^) 
H A 

t   v(6o)     ' 

and 
A    /: 

COV(60,61) 
H,      A 

Thus for the cross array given a narrow-band signal with center frequency 

V 
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SD( 60) 
A 

V0^ (Jg .ns Nd r1 
(4.34) 

A _2 
Thus the proportional standard deviation of     6,     is    ou0      times tne proportional 

A 
standard deviation of    3ft  , which implies that the precision of the estimate of 

ft      is less for low frequency narrow-band signals. 

4.1.5      Signal Detection 
A 

The estimator    6n    can be used to detect the presence of a propa- 

A 
gating signal.    Given the estimate    ft.,    of    6..   ,  the 95% confidence  interval 

for 60    is 

A A A A 
[6 -  1.96 SD(60),     60 + 1.96 SD(60)] (4.35) 

where SD(60) is given by (4.34).  Since  6 > 0, the signal is detected 
A A 

with "95% confidence" if 60 > 1.96 SD(60).  If the computation required for 
A 

the estimation of 6,. is considered too lengthy, the estimator 6((*)n) can 

be used to detect the signal, where M  is the frequency for which the signal 

to noise ratio is a maximum. The signal is detected with "95% confidence" if 

A /    ,       A 
f (u),,) > 1.96 SD(6) where SD( 6) - 

A 
V V(6)  is given by (4.33) 

The estimate 6. of 6. , the slope of 6(u))> can be used to 

test whether or not there is dispersion in the signal.  The 95% confidence 

/. 
interval for 6., given 6 , is 

[61 - 1.96 80(6^, ^ + 1.96 SD^)]  , 

and thus if zero lies  in this interval,  the data indicates that there is no 

dispersion. 

4-19 



Teledyne Isotopes 

4.2    Cophase: An Ad-Hoc Array Processor 

4.2«!    Introduction  

"Cophase" is an 3d hoc statistic characterize ig .signal   strength 

as a function of velocity and direction,  for data from an array of detectors 

receiving propagating signal(s) and uncorrelated noise.     The definition of 

cophase  is: 
N2 K K-l , 

III   |WV%)| cos kiJ-<)-(•£-<) 
n*i   j-k+i     k-i     1 ' L 

c(v,e) 
"2 K K-l 

III K«%>**k<s> 
n-N    j k+1 ' 

I 
whe re: 

V    is the assumed phase velocity; 

9    is the assumed azimuth from which signal  arrives; 

n    is the index of frequency (frequencies in the band  from the 
N.th to the N-th  harmonic are used); 

j    is the station number (there are K stations) 

tu    is the n'th frequency 

A.((»> )  is the n'th Fourier ampJitude at the ,i'th detec or 

p 
i.    is the n'th Fourier phase at the j'th detector 

J 

V 
#.    is the phase of the n'th frequency, arriving at the j'tli 
"    detector, based on the position of the detector and the 

assumed values of V and  6 

Basically,  C(V,e)    calculates the normalized, weighted  sum over all    — K(K-l) 

detector pairs, and over all   frequencies, of the cosines of the difference 

between the Fourier phase differences and the assumed phases differences. 
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Note   that C(V,9)  is a statistic with an expectation of 0 it' the K records 

are non-correlated.     It has an expectation of +1.C^ if the K records repreient 

a non-dispersive propagating signal,  at the assumed value of V and 9 corre- 

sponding to the actual velocity and direction of the signal.     Its expectation 

at other assumed  (VjOVs would approach ü for a very-large-aperture array or 

for a broadband  signal, but may in general  have non-zero values (side lobes). 

In applying this statistic to signal  detection or velocity/direction 

estimation, the  first step will bo a Fourier analysis of the K records;  then 

C(V,6) can be calculated  for each point in a grid of velocities and directions. 

If the value of C(V,9)  is sufficiently close to +1.0 for some (V,9),  then a 

signal has been detected.    The point  (V,9) at which C(V,9)   is at its maximum 

is an estimate of the corresponding signal   parameters.    This "cophase" sta- 

tistical  method of detection and parameter eötimation does not  require a 

knowledge of the ♦ '2nTT ambiguities in the Fourier phases, or of the origin 

time of the signal  and its source distance. 

4.2.2     Distribution under the Null Hypothesis 

If "sufficiently close to +1.0"  is to be used as a criterion for 

signal detection,  the word "sufficiently" will   require a quantitative defini- 

tion based  .m the statistical distribution of C(V,9) when the    f.'s ace 

uniformly-distributed,  independent,   random variables (i.e., when the K records 

are non-correlated noise).    Tliis null hypothesis distribution,  calculated 

numerically,   is discussed below for th? case  in which A.(UJ )      1'0  for all 
,1 n 

J and n. The extension of these results to A's which vary with n should 

p 
be trivial; but  if the A's as .»ell as the    #   's    are allowed to vary randomly 

with ,i,    the   res-ults will   require some  re-interpretation. 
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Since there are    K    detectors in the array,  there will be    K    inde- 
P i 

pendrnt values of    #.(u) )  for each frequency.       There are   — K(K-l) different 

F        F values of the term      ($. -  #. )   ,    but unJy K-l of these are  independent. 
3        k 

The K-independent    iXw )    are uniformiy distributed from    ü to 2n. 

J F        F 
The   — K(K-l) differences,    f, - I,   ,    of which on]y K-l  are independent,  have 

a triangular probability density function;   its maximum,     V2TT,        is at 

F        F F        F 
#. -  ♦,       0  ,    and  it decreases linearly to 0 at    i. -  i, + 2TT •     From 
J        K ' J        k 

F        F 
this distribution of    #. -  {     ,   it may be calculated that the probability 

J K 

F        F 
density function for cos ($. -  #, )    is 

cos(i. « 
n'Wl-cüs (#. -  *k) 

between J^ 1, and 0    elsewhere.     This function's second moment about  its 

F   F F      F 
mean is the variance of cos (#.-!,) , where #. and •   are indepen- 

J       TT   ' J k 

dent random phases uniformly distributed from 0 to 2TT;    the variance may 

be shown to be equal  to 0.5. 

If C(9,V) were defined  in such a way that the two inner summations 

were made over only (K-l) detector pairs with (K-l)  independent phase differ- 

ences,  the expectation and variance of C(e,V) would be 0 and 0.5/(K-l), 

respectively, and C(9,V) would be distributed approximately normally for large 

K,    under the null hypothesis. 

However, C(9)V)   is formed by a summation over all    — K (K-J) 

detector p'    "s.      If the    — K(K-l) phase differences were  independent (but 

they are not), C(9>V) would have an expectation and variance of ü and 

0.5,— K(K-l),  retpectively,  and C(9,V) would be distributed approximately 
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nnrmallv  for larcp K  , nndpr fhn null   hypothesis. 11" the — K(K-])  phase 

differences were independent (but they are not), C(0,V) Mould  therefore be 

a much more  oowerful statistic than the modified C(0,V)  of the   last para- 

graph,   xn which only K-l independent phase differences are used at each fre- 

quency.     Since only K-l of the    — K(K-l)  phase differences are actually 

independent,  there is no a priori reason to expect C(0,V)  to have a smaller 

variance than 0.5/(K-l).    As the numerically determined distribution of 

C(9>V) will show however,  its variance is not only smaller than ü.5/(K-l); 

it is actually equal to 0.5/|K(K-1) . 

Using 16,384 sets of 10 random phases each,  the distribution of 

C(V,9) was computed numerically for K - 10 (10 stations)  and N,   -   N- 

(one frequency only), assuming that each detector senses only uncorrelated 

noise.    This null hypothesis distribution is shown in Figure 4.4 by the 

curve labelled 0.0.      This distribution has a variance of 0.011 and a mean 

of -0.001.      The variance is exactly equal to that which we would expect if 

the — K(K-l)  terms in the summation were independent -  i.e.,  0.5/—(10)  (10-1). 

It is  smaller (and the test is therefore more powerful) by a  factor of 5, than 

if we had used only K-l independent phase difference from among the —K(K-l). 

The distribution is strongly skewed;   its cumulative frequency at C(V,9) -   0 

is 0.68,   its maximum is between -0.05 and -0.10, and its mean  is -0.001 

(but numerical computation errors for the mean may be as large as 0.001). 

4.2.3    Distribution under the Alternative Hypothesis 

The distribution was re-evaluated assun.Uig that each detector 

senses signal in addition to the uncorrelated noise,  for a number of signal- 

to-noise amplitude ratios.    Several of these are shown in Figure   4.4    along 
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with the null hypothesis curve (signal-to-nois'..■ ratio of ü.ü).    As tlic signai-to- 

noise ratio passes in excess of 1.0,  there is a rapid transition in which the 

distribution's variance at first increases and then approaches /cru, as its 

mean approaches 1.0. 

The curves in Figure  4.4    can bo used to estimate a and ß.  the proba- 

bilities of Type 1 errors (false alarm) and Type II errors  (undetected signal), 

respectively, and to determine if they are acceptably small.     For example, 

the 97.5 percentile of the 0.0 curve and the 75 percentile of the  1.0 curve 

are both 0.5.    This means that for an a of 2.5% (acceptably small), ß would be 

75% (unacceptably risky)  if the signal-to-noise ratio is 1.0; but ß decreases 

rapidly to 0.2% as the signal-to-noise ratio increases only slightly to 1.414. 

Furthermore,   if more than one frequency is available for summation, an accept- 

able value of ß is possible for signal-to-noiso ratios of loss than  1.0.    For 

example,   if 16 frequencies are used  in the summation (N -N    -  15), an a of 2.5% 

would correspond to a ß of 1.0% if the signal-to-noise amplitude were only  .707. 

4.2.4    Evaluation of the Cophase Tochnlque:  Numerical  Lxperiments 

To evaluate the cophase  technique,  numerical  experiments were per- 

formed using synthesized "signals" and  "noise" recorded by a hypothetical array. 

The array consisted of six elements:  three at the midpoints of the 358 km  legs 

of an equilateral  triangle,  and three at points one-fourth of the distance from 

each vortex to the next (going anti-clockwise).    This configuration was studied 

by Haubrich (1968),  und  found to have certain optimum characteristics. 

The "signals" were synthesized by assuming that a source generated 

a Dirac delta-function signal  at a distance of 10,000 km due North of the 

array.    The signal  propagated dispersively with a phase velocity 

...       s           .,.„.      n  ..     .  ./  73Cf (cycles/min) -   232   \ V(mps) 320 - 0.5 smh I   ' J ■„—' '    | 
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The corresponding group veJocity exhibits a maximum at     f      232/736 cycles/min, 

or a period of sHghtJy more than  three minutes.     The  resuitant  synthetic 

signaJs  (Fig.   4.5) a iv  reasonable  1'acsimiJes of" actual   microbarograph  records 

of acoustic-gravity wavos  from nucJear explosions  (Donn and Shaw,   1^67). 

The 4-hour synthetic signals at the six hypothetical array points 

were next Fourier analyzed;  then their cophase function was calculated using 

various parts of the signals'  spectra,  for velocities between 25Ü and 400 

mps,  and  for 360° of azimuth. 

dsing only    N -   91 (ninety-seventh harmonic -  2.4 minute  period) 

in the frequency summation, the cophase  (Fig. 4.6)    has a peak at (V,e)      (320,0°), 

corresponding to the actual   signal.    The peak's amplitude is 0.994 - almost per- 

fect cophase  (but not quite;  since  the  signal   Is dispersive).     However,  there 

are several  closely-spaced side lobes, the highest of which are 0.976 at 

(V,8)      (310,£100°).     Since the wavelength at this frequency is one-half the 

detector spacing,  the 2nTT phase errors  in the  Fourier analysis  produces closely 

spaced  side lobes   in  the cophase  function.     This phenomenon may also be  regarded 

as a "ringing"  in  velocity-direction,  due  to  the extreme narrowness of the 

filter (only one  frequency was used).       By summing over frequency  from    N      95 

to    N      100,  the  largest   side  lobe drops   in amplitude only to 0.868,   since the 

frequency filter is still  extremely narrow.     Thus,  summing ovur c'djacent fre- 

quencies within a very narrow band  is not useful   in  the noise-free; case. 

Using only    N      33  (7.2 minute  period)   in  the siimmation  ^Fig. 4.7) 

the side lobe  readies a height of 0.997  -   the  same as  the main  peak -  at 

(V,0)       (400,±180°).     Thi'   largf spacing of the   lobe  from thi1 main peak  is 

consistent with  the much   larger wavt-length. 
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Using    N      30    throußh    N - 100    (Fig.  4.8),  the main peak of u.993 

clearly dominates over the region.    The highest side lobes are only 0.133, 

at (V,e)      350,  +_ 50°).    The broad band of frequencies integrated provides 

effective cancellation of the side   lobes appearing at different positions in 

the cophase functions of individual   frequencies.      The  result of using a 

wide band of frequencies is the high resolution of the high frequencies 

(Fig.  4.8)  combined with even less ambiguity than the low frequencies alone 

(Fig    4.7). 

When computer-generated noise is added ti   the  set of six synthetic 

signals, the cophase function begins to degenerate.    Figure 4.9 shows tht 

cophase calculated with one frequency    (N      50),    and a signal-to-noise ampli- 

tude ratio of about 0.7.      There  is no peak at (V,e)      320,  0°), where the 

signal   should be.    There are seven peaks with cophase exceeding 0.4, the 

highest of which is 0.548.    These represent random noise reinforcement, and 

coincide with neither the signa-  nor its side lobes. 

However,  if cophase  is  recalculated summing over frequency from 

N - 30 through N = 100,    a peak of 0.402 appears at (V,())      320, 0°), corre- 

sponding exactly to the signal   (Fig.  4.10).    In this case,  however, the noise 

is sufficiently cancel led by the  summation over 71  frequencies,  so the highest 

peaks beside the signal   itself has u cophase of only 0.106 at (V,e)      360, -40°) 

The  result may be unambiguously  interpreted as representing a signal  from due 

north with a phas" velocity of 320 mps. 

A final   pair oi numerical   experiments were performed to evaluate 

the use  of the cophase method   in conjunction with the actual   Teledyne-Isotopes 

array.     First,  the same signal  describ«-.'! above was  synthesized  for each point 

in the array.    A two-hour sample was analyzed using    N -   15 (8 minute period) 

tirough N       50 (2.4 minute period).     The  result (Fig.   4.11)  shows a well- 

4-30 
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Teledyne  Isotopes 

defined  peak of cophuse 0.f9l  at  N,9 -  (320,0°).     There an;  no side lobes ex- 

ceeding Ü.10 copliase  in  the  range  of velocities  from 200  -  800 mps. , 

The  fXH'ond of this  last  pair of numerical   experlnents i^gtiti with 

the  synthesis of signals  similar to  those used above,   but with a mean phase 

velocity of 040 mps at a  period  of J2 minutes.     The  analysis of the  resulting 

two-hour record, based on  frequencies from    N -  8  flS-minute period)  to    N -   J2 

(lü-minute  period),   is  shown   in  Figure   4.12.     liecause  the wavelengths are 

larger than  the entire array,  and  only six  IVequencies are  used   in the  summa- 

tion,   the  1.00 peak, which corresponds to the  signal,   affords poor velocity 

resolution,  but the half-power points are at   less  than  ±Jüc of azimuth  from 

the main peak.     The  relatively  poor velocity  resolution   is an  intrinsic  proper- 

ty of the array at these  large wavelengths. 

4.2.5    Cone lu si otis 

The copliase method   is  a  fast method of detecting signals of down 

to one-half the noise amplitude,  and of estimating  the velocity and direction. 

The most  important   limitations an.'  the  intrinsic   limitations of the array size 

and  pattern,  and  of the  signal   duration and bandwidth    but   not of this  statis- 

tical   procedure, pir se. 

The method  is  presently used   routinely   in   the analysis of Teledyne 

Isotopes microbarograph and  doppler array data,     ''ewral   interesting prelimin- 

ary  results not  obtaina'le  by ulder.  simpler,  more  Intuitive  techniques.,  have 

already been arrived at  by  the use of the copliase method.       These will  appear 

in  AltUM  project  repoms. 
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5.       SUMHARY AND CONCLUSIONS 

The accomplishments of the research effort during the period  J  September 

1968 to 30 September 1969 can be summarized as  follows. 

It    A program to adjust and recalibrate all the microbarographs and obtain 

their phase  response and coherence with respect to a "standard"  instru- 

ment was carried out when the system became operational. 

2.    Three new phase-path sounder systems were built, which added  to the 

onr.  in existence made  it possible to set up a 4-element array which, 

although rudimentary, would permit  phase velocity and direction esti- 

mates of ionospheric disturbances to be obtained.    The sounding frequency 

used  in this doppler array was 4.824 MHz;  the average  reflection heights 

corresponding to this frequency are about 170 km during daytime and 200 

km during nighttime.    The doppler instruments were built after Davies 

(1962) with some modifications  introduced to meet our specifications 

and mode of cperation.      Since automatic digitizing equipment was 

already available at  four stations of the microbarograph array, 

(Catskill,  Thomhurst, Lebanon and Westwood),   it was decided to locate 

the doppler receivers at these stations and the transmitter at Sterling 

Forest,  N.Y.    This configuration gave an average separation between 

ionospheric  reflection points of about  80 kilometers.     The data  from 

the doppler array were fed  into spare channels of the data acquisition 

system and  recorded together witli the geomagnetic and pressure data on 

incremental digital magnetic tape. 
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3. Numerous calculations were undertaken to compare the tlieoretical 

response oi" the Teledyne Isotopes'  microbarograph array with those 

of a number of other arrays; a 10-element isometric array, a 

IS-eleroent   isometric array, a 21-element  isometric array and the 

LAMA array.    These calculations showed  that  for wavelengths 

between 60 pp.d 300 kilometers the response of the Teledyne Ivoiopes' 

array (10 elements)   is very similar to that of the LAHA array 

(20 elements) and  that of a 21-element  isometric .-'iray.    It there- 

fore follows that not much improvement  in array response could be 

expected by adding new  Instruments or changing the spatial arrange- 

ment of the present array. 

4. Atmospheric disturbances generated by the Chinese thermonuclear 

explosion of 2^ September 1969 were detected by the microbarograph 

array.    These effects showed up in two frequency ranges corresponding 

to periods of 2-5 minutes and 12-18 minutes  respectively.     Jn the 

shorter period  range the arrival  corresponding to the short great- 

circle path was  recorded,  while  in the  longer period  range  the 

arrival corresponding to the long great-circle path was recorded. 

The group velocities of those arrivals wen; of the order of 300 m sec 

and 550 m sec      respectively.    Some conclusions can be drawn from the 

comparison of these observations and  those of  Tolstoy (1967,  1968). 

a)    short period waves.       These waves arrive with group velocities 

of the order of 300 m sec     .    The center frequency of the events 

compared  takes different values  in each case  ranging from 0.002  Hz 

(8 minutes)  to 0.0067 Hz (2.5 minutes);   that  is,  the bandwidth of 
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these arrivals  is of the order of 0.00167 Hz - 0.0167 Hz 

(2 minutes - 10 minutes).    The average phase velocities are 

300 ± 10 m sec      and the wavelengths range from 36 km to 

180 km.    The arrival corresponding tu the long great-circle 

path cannot  in general  he recognized. 

b) long period waves.      The group velocities of these waves are 

of the order of 550 m sec      and  the phase velocities of the 

order of 570 x 30 m sec     .    The center frequencies also vary 

from event  to event as in the short period case.    For the 

events compared the center frequencies were:   3.64 CPH (16.5 

minutes), 4.62 CPH (13 minutes), and 4.0 CPH (15 minutes) 

respectively, tliat  is, the bandwidth extends from 0.000925 Hz 

to 0.00138 Hz (18 minutes -  12 minutes).    In general, both the 

short and the lung great-circle path arrivals can be  identified, 

however,  Iht; short  great-circle path arrival  corresponding to 

the If Sept(;mb»;r  L9Ü uxplo.sion could not be extracted   from the 

background while the   long path arrival was identified with very 

little  filtering. 

c) It  is probabh- that  results  in a) and b) above an? an  indication 

of the (.'fleets of the seasonal variation of the neutral-temperature 

structure on tlu- propagation of these waves since the events com- 

pared took place  in different seasons,  i.e., during  late spring, 

mid-sutimu'r and  fall. 
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5. Analyses of the phase-path doppler records corresponding to the French 

test of 24 August 1968 showed that at the time at which the 600 m sec" 

pressure signal was identified,  there was a group of doppler oscilla- 

iions with an amplitude of 1 Hz and periods of 10 - 15 minutes.      The 

signal-to-noise  ratio was 3:1.     Since only one doppler sounder was in 

operation at that time, no information could be obtained concerning 

the speed and direction of travel of this signal.    This finding was 

a very important factor in  redirecting the emphasis of the project 

towards ionospheric studies.    Unfortunately, during the time corre- 

sponding to the arrival of infrasonic signals in the September 1969 

test a magnetic storm was in progress and the doppler background  leveJ 

was very high.     It is possible that the doppler signals have been 

masked by the large phase-path fluctuations induced by the storm. 

6. Observations of phase-path variations during the Saturn-Apollo IX 

launch suggest that some acoustic energy in the period  range 0.5 -  5.0 

minutes, generated by the rocket engine,  is channeled at  ionuspheric 

levels as evidenced by the phase-path doppler records.    Analyses of 

microbarograph records for this event did not show any signal  in this 

period  range. 

7. A preliminary study of ionospheric background motions was carried out 

using doppler and magnotom'-ter record.«--.    Power and cross spectral 

analyses of these  records indicated that the background activity could 

be broadly separated  into two per:o«i  rangt   :  periods longer and  shorter 

than 5 minutes.     The shorter periods correlate often with magnetic 

micropulsations.    The analyses of these events showed high coherence 
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between the NS magnetic component and the phat>e-path variations, sug- 

gesting that the ionospheric motions producing the phase-path changes 

arc due to the modulation of the ionospheric plasma by transverse 

hydromagnetic waves. Analyses of microbarograph records correspond- 

ing to these time intervals of high correlation did not show any 

unusual infrasonic activity.  In the longer period range the power 

spectra of phase-path sounder records obtained simultaneously at three 

sounding frequencies (corresponding to three ionospheric heights) 

showed systematic peaks and slope breaks which appear to shift towards 

longer periods for greater reflection heights (higher sounding fre- 

quencies). The frequencies corresponding to these spectral peaks had 

values of the same order of the local value of the Väisalä" frequency 

for an adiabatic atmosphere. These findings lead to the conclusion that 

a large portion of the ionospheric motion background for periods shorter 

than 5 minutes has a hydromagnetic origin while periods longer than I 

minutes are probably due to internal gravity wave activity. 

8.    Investigation of the spatial col".'rency of the signal and noise fields 

for the array of microbarographs was carried out using the signals of 

the French test of 24 August 1968 (2-5 minute period range) and compar- 

able data samples of background. The results indicated that: 

a) Acoustic signals have coherencies well above the background noise 

at separations greater than 3 or 4 kilometers. 

b) The signal coherence remains high out to separations of 50 kilometers. 

c) Transverse signal coherencies are higher than parallel signal coher- 

encies, that is. the waves are long-crested. 
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9. A theoretical study of the interaction of instability waves in the at- 

mosphere (due to existence of wind shear) and internal  gravity waves 

(due to atmospheric stratifrcatran) was carried out  by Dr.  C.E. Grosch. 

The model, which neglects compressibility, consists of a du~t bounded 

by rigid planes, the Vä'isü'lä' frequency is assumed  to be constant, and 

the shear flow has a parabolic profile,    I U00 - 1 - y^j     .    The major 

results are that this stratified  shear flow supports both internal 

gravity and  instability waves;  that the internal gravity waves are, 

roughly,  trapped within the layer where    U      > c  ;    and that the 

phase velocity of the internal gravity modes is approximately equal 

to the maximum velocity of the shear flow. 

10. In the theoretical aspect of signal processing two methods have been 

developed. 

a)    The  first one deals with the estimation and detection of an 

unknown dispersive signal using a two-dimensional array and 

represents the effort by a member of oir group (Dr.  M.  Hinich), 

to find a simple method   for estimating the phase velocity and 

direction of a plane wave signal, buried  in noise,  propagating 

across a two-dimensional array.      The method uses a linear re- 

gression on sensor position, of the Fourier phases of the sensor 

outputs,  in order to produce estimates of the wave number.    By 

appropriate smoothing over frequency, estimates of the direction 

and phase velocity are obtained.    The precision of the estimates 

depends on the signal-to-noise ratio,  the square root of the 

number of sensors,  i'nd the number of wavelengths which fall  in 

the array. 
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b)    The second method represents the effort of another member of the 

group (Dr.  E. Posmentier) and consists of an ad hoc array processor 

that characterizes signal strength as a function of phase velocity 

and direction.    This statistical procedure which is called Cophase 

Analysis throughout this work, basically calculates the normalized, 

weighted sum over all    1/2 K (K-l) detector pairs, and over all 

frequencies,  of the cosines of the difference between the Fourier 

phase differences and the assumed phase differences.     Several tests 

of this program with synthetic and  real data have shown that: the 

cophase method is a fast method of detecting signals of down to 

one-half the noise amplitude, and of estimating the velocity and 

direction.    The most important limitations are the intrinsic 

limitations of the array size and pattern, and of the signal dura- 

tion and bandwidth, but not of this statistical procedure per se. 

To conclude;, the authors wish to recommend that, since the acoustic energy 

generated by nuclear explosions in the atmosphere is distributed with height accord- 

ing to various propagating modes, observations with both .nicrobarograph and piase- 

path sounders be continued and that an effort be made to expand the existing phase- 

path sounder array to operate at two sounding frequencies. 
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